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ABSTRACT 

We use the Hubble Space Telescope ACS /SBC and Very Large Telescope FORS cam- 
eras to observe the Brightest Cluster Galaxies in Abell 2597 and Abell 2204 in the 
far-ultraviolet (FUV) F150LP and optical U, B, V, R, I Bessel filters. 

The FUV and U band emission is enhanced in bright, filamentary structures sur- 
rounding the BCG nuclei. These filaments can be traced out to 20 kpc from the nuclei 
in the FUV. Excess FUV and U band light is determined by removing emission due 
to the underlying old stellar population and mapped with 1 arcsec spatial resolution 
over the central 20 kpc regions of both galaxies. 

We find the FUV and U excess emission to be spatially coincident and a stellar 
interpretation requires the existence of a significant amount of 10000-50000 K stars. 
Correcting for nebular continuum emission and dust intrinsic to the BCG further 
increases the FUV to U band emission ratio and implies that stars alone may not 
suffice to explain the observations. However, lack of detailed information on the gas 
and dust distribution and extinction law in these systems prevents us from ruling out 
a purely stellar origin. 

Non-stellar processes, such as the central AGN, Scattering, Synchrotron and 
Bremsstrahlung emission are investigated and found to not be able to explain the 
FUV and U band measurements in A2597. Contributions from non-thermal processes 
not treated here should be investigated. 

Comparing the FUV emission to the optical Ha line emitting nebula shows good 
agreement on kpc-scales in both A2597 and A2204. In concordance with an earlier 



investigation by |Q'Dea et al. ( 2004| ) we find that O-stars can account for the ionising 
photons necessary to explain the observed Ha line emission. 

Key words: galaxies:clusters:individual: Abell 2597 - galaxies:clusters:individual: 
Abell 2204 - cooling flows - ultraviolet: ISM. 



1 INTRODUCTION 

Regions at the centre of rich clusters where the hot T^IO 8 K, 
thermal X-ray emitting gas is dense enough to cool radia- 
tively within a Hubble time are called cool-cores. Cooling 
rates of the order of 10 2-3 M© yr _1 in the central few 
hundred kpc of the cluster have been estimated from X-ray 
imaging for this hot gas (e.g., Peres et al.||1998 ). However, 
X-ray spectroscopy implies that at most 10 per-cent of the 
X-ray emitting gas cools below one third of the virial tem- 



perature of a system, see (|Peterson fc Fabian 2006| for a 



review. The solution most often invoked in the literature is 
that some form of heating balances the radiative cooling of 
the X-ray gas. 

At the heart of these cool-core clusters lie their Bright- 
est Cluster Galaxies (BCG). These cD type galaxies are the 
most massive galaxies in the universe and peculiar in many 
ways. They contain substantial, cool (T^IO 1-4 K) gas and 



dust components within about 30 kpc from their nucleus 
(e.g., | Jaffe fe Bremer|1997||Edge|200T||Irwin, Stil fe Bridges] 
2001| |Jaffe, Bremer L van der Werf||2001| |Edge et al.|2002| 



Wil man et al.||2002| [Salome Com bes 2003 | |Hatch et al 



2005 ; | Jaffe, Bremer Baker ||2005| | Wilman, Edge fe Swin- 
bank 2006|| Johnstone et al. 2007iO , Dea et al.|2008||Wilman, 



Edge fe Swinbank|2009||Oonk et al.|2010| ). Whether this cool 
gas is the product of the cooling process in these clusters or 
has an alternative origin, such as minor mergers, is unclear. 
However, statistically speaking these cooler gas nebulae ex- 
ist only in and around BCGs situated in cool-core clusters 
(e.g., Heckman et al.|1 989). 

These gas components at T^IO 1-4 K in BCGs emit 
far more energy than can be explained by the simple cool- 
ing of the intracluster gas through these temperatures and 



some form of heating is required (e.g., Fabian et al. 1981 



Heckman et al. 1989 Jaffe et al. 2005 Oonk et al. 2010) 



Detailed investigations show that the primary source of ion- 
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isation and heating of the cool gas must be local to the lengths from radio to X-rays (e.g.|Heckman et al.|1989||Voit 



al. 2010). This requirement combined with the observation 



that BCGs in cool-core clusters have significantly bluer col- 
ors in the ultraviolet (UV) to optical regime than their peers 
in non-cool-core clusters and in the field supports a young 
stellar origin for the ionizing photons ( Donahue et al.|2010 
and references therein). 

Previous studies agree that the UV to optical emission 



is consistent with young stars (Crawford & Fabian 



Pipino et al. 2009 Hicks, Mushotzky & Donahue 12010) 



1993 



However, these studies suffer from poor spatial resolution, as 
the UV part of their datasets is based on observations with 
the International Ultraviolet Explorer (IUE) and GALEX. 

A number of recent papers, using high resolution FUV 
imaging with the Hubble Space Telescope (HST), have 
shown that BCGs in cool-core clusters contain clumpy, 
asymmetric FUV emission on scales up to ~30 kpc from 
the nucleus flO'Dea et aT1|2010| [Oonk et al.||2010| ). This is 
consistent with the scales on which cool gas has been de- 
tected in BCGs (e.g. |Edge||2001| |Salome fe Combes 



Jaffe et al.|2005|| Wilman et al.|2009||Oonk et al.|2010| . The 



2003 



clumpy, extended morphology of the FUV emission is con- 
sistent with a local stellar origin and comparison with radio 
imaging disfavours a direct relation with the central active 
galactic nucleus (AGN) or its outflows ( O'Dea et al.|2010 ) 



Based on FUV morphology [O'Dea et al.| (|2010| and 



O'Dea et al. (2004) argue that the FUV emission is due to 



young stars and that the dumpiness may be related to the 
absence of gas rotation on large scales ( Wilman et al.| 2009 



Oonk et al.||20l6| . In this picture the FUV luminosities in- 
dicate a minimum star formation rate (SFR) of the order of 
1-10 M yr" 1 in BCGs. Deriving the true SFRs is highly de- 
pendent on very uncertain extinction corrections and as we 
will discuss below this uncertainty limits our interpretation 
of the observations. 



O'Dea et al. (2010) and O'Dea et al. (2004) show that 



FUV continuum and the Lya emission cover the same area, 
with the FUV continuum emission being clumpier than the 
Lya emission. They find evidence for significant dust ex- 
tinction from the high Ha/H/3 ratios observed towards their 
BCGs. They also state that they find variations in the 
Lya /Ha ratio, which may be attributed to a non-uniform 
dust distribution. 



1.1 This project 

Here we present deep far- ultraviolet (FUV) and optical 
imaging for the BCGs PGC 071390 in Abell 2597 (hereafter 
A2597) an d ABE LL 2204_13:0742 (LARCS catalog by jPimb- 
blet et al.| ( |2006| ) in Abell 2204 (hereafter A2204). We per- 
form the first spatially resolved investigation into the FUV 
to optical emission ratio in the central 20 kpc regions of 
these BCGs. 

The two BCGs studied here are part of our previous 
sample of BCGs in cool core clusters ( Jaffe &; Bremer| 1997 



Jaffe et al.||2001[ |2005| [Oonk et al.|[2010| ). The objects were 
selected based on their high cooling rates, strong Ha, H2 
emission and low ionisation radiation in order to minimise 
the role that their AGN have on the global radiation field. 
A2597 and A2204 have been the subject of numerous in- 
vestigations in the past and have been observed at wave- 



2000 1 



2006, 2009 



O'Dea et al.||2004| |Jaffe et al.||2005l | Wilman eHd 



|Oonk et al.|2010| ). 



gas (Johnstone & Fabian 1988 Jaffe et al. 2005 Oonk et I &; Donahue| 1997| |Koekemoer et al.| 1999; Don ahue et al 



This paper has two main goals: (1) To establish the mor- 
phology of the FUV emission from two BCGs and compare it 
to the emission structures at other wavelengths (2) To estab- 
lish the nature of the stars responsible for the FUV emission 
(if indeed it arises from stars). For this second purpose we 
compare quantitatively the FUV emission with optical emis- 
sion in other bands, particularly U-band. For this compar- 
ison there are two important intermediate steps: correction 
of the longer wavelength (i.e. U-band) fluxes for emission 
from the old stellar population of the galaxy, and correction 
of the U- and FUV- band fluxes for dust extinction. This 
last procedure in particular requires considerable discussion 
here. 

For the above purposes we present in Section 2 de- 
scriptions of the methods and reductions of our observa- 
tions with the HST ACS-SBC and the VLT FORS, and of 
archival data: radio data from the VLA and X-ray data from 
Chandra. In Section 3 we present the direct qualitative and 
quantitative results of the reductions in the form of images, 
graphs, and tables. In Section 4 we make a preliminary anal- 
ysis of the FUV to optical colors by interpreting, somewhat 
naively, the FUV/U ratio on the basis of models of starburst 
spectra. In Section 5 we present a more sophisticated analy- 
sis of the spectra including the removal of U-band emission 
of old stars and different dust scenarios. In Section 6 we dis- 
cuss the star formation implied by the FUV emission and 
its relation to the ionised gas in these systems. 

Because the FUV/U ratio in the purely stellar scenario 
is uncomfortably large, in Section 7 we consider the possi- 
bility that some of this emission is from conventional non- 
stellar sources. Finally in Section 8 we compare our results 
with those of other ultraviolet observations, and discuss in 
detail the possibility that the high value of the extinction 
corrected FUV/U ratio is the result of unconventional ex- 
tinction behaviour of the dust in the UV. Section 9 contains 
our conclusions. 

Throughout this paper we will assume the following 
cosmology; Hq—72 km s _1 Mpc -1 , Q m =0.3 and Qa=0.7. 
For Abell 2597 at z=0.0821 (iVoit & Donahue||1997| this 



gives a luminosity distance 363 Mpc and angu lar size scale 
1.5 kpc arcsec -1 . For Abell 2204 at z=0.1517 ( |Pimbblet et| 
aLl |2Q06| ) this gives a luminosity distance 702 Mpc and an- 



gular size scale 2.6 kpc arcsec 



2 OBSERVATIONS AND REDUCTION 

We have observed the central BCG in the two cool-core 
clusters A2597 and A2204 with ACS/SBC on the HST and 
with FORS on the VLT. The observations are summarised 
in Tables ^ and [2] Similar, but less deep, FUV and opti- 
cal data for A2597 has previously been pre sented by |Voit 



& Donahue] (|1997|);|Koekemoer et al.| ( |l999| ); |Donahue et al 



(2000); O'Dea et al. (2004). Similar data for A2204 has not 



been published before. We complement this data set with 
archival radio and X-ray observations from the Very Large 
Array (VLA) and Chandra. The data reduction is described 
below. 
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2.1 HST ACS-SBC imaging 

Hubble Space telescope (HST) FUV images were obtained 
with the Solar Blind Channel (SBC) of the Advanced Cam- 
era for Surveys (ACS) in the F150LP (1612 A) filter (effec- 
tive wavelength 1612 A). The filter was selected to sample 
the FUV continuum emission and not include the Lya line. 
Five pointings were performed for the A2204 field, with a 
total an exposure time of 3.76 hours. Five pointings were 
also performed for the A2597 field. Two of the five A2597 
pointings were found to be contaminated by a non-uniform 
dark current glow. These two pointings were excluded from 
further analysis. The total exposure time for the three re- 
maining pointings on A2597 is 2.26 hours. No dark current 
glows were found in any of the A2204 pointings. 

Flat-fielded and dark-subtracted single exposure frames 
were obtained from the HST archive. Dither offsets were cal- 
culated for the exposures of each target using image cross- 
correlation and then the exposures were drizzled and com- 
bined using the stsdas package multidrizzle. Optical dis- 
tortions were automatically corrected by multidrizzle dur- 
ing the image stacking, but no cosmic ray correction was ap- 
plied since the MAMA detectors are not affected by cosmic 
rays. 

The combined images are convolved to an output spatial 
resolution of a Gaussian with 1 arcsec full width at half 
maximum (FWHM), in order to match the optical images. 
These images are then re-gridded and aligned to the optical 
images by using the northern star and the two companion 
galaxies for A2204. The FUV images of A2597 do not contain 
any sources that can be used to align it to the optical images. 
We aligned these by comparing the nuclear structures in the 
ACS/SBC image to the FORS U-band image. We convert 
the ACS/SBC units elec s -1 to AB magnitude by applying 
the ABmag zeropoint (ACS instrument handbook) and we 
convert this to flux in units of erg s -1 cm -2 Hz -1 arcsec -2 
by applying the zeropoint for the AB system. 



photometric conditions are kept in the subsequent analysis. 
The results are given in Tables [l] and [2] 

Using bright stars near the BCGs that are visible in 
all bands we align the FORS images to the 2MASS World 
Coordinate System (WCS). The FORS Bessel magnitudes 
are converted to AB magnitudes. The conversion factor 
(FORS-AB) C onv is calculated using the FORS Bessel filter 



curves and the HYPERZ program (Bolzonella, Miralles & 



PellopOOO) ; H. Hildebrandt priv. comm.). The results are 



listed in Table [3] We then convert AB magnitude to flux in 
units of erg s - cm -2 Hz -1 arcsec -2 by applying the zero- 
point for the AB system. 



2. 2. 2 VLT FORS Spectroscopy 

A2597 and A2204 were observed with FORS in a 2 arcsec 
wide, long-slit spectroscopy mode on the VLT in 1999 and 
2002. The A2597 observations were taken along minor axis 
of the BCG and the A2204 observations were taken along 
an axis running the north-south. Both set of observations in- 
tercepted the nucleus of the BCG. The data will presented 
in a forthcoming paper (Oonk et al. in prep.). For the pur- 
poses of this paper we will only use spatially integrated spec- 
tra. In the case of A2597 we summed the spectrum over a 
16x2 arcsec 2 region and for A2204 we summed the spectrum 
over a 12.5x2 arcsec 2 region. Within these regions the lines 
ratios do not vary strongly as a function of position. 

Here we use these spectra to investigate (i) the contami- 
nation of the U, B, V, R and I Bessel filters by line emission 
and (ii) the extinction using the Balmer decrements. The 
spectra were reduced using a set of dedicated IDL scripts. 
Emission line fluxes were measured using Gaussian fitting. 
Broadband fluxes were obtained by convolving the spectra 
with FORS Bessel filter curves. The contribution of the line 
emission to the broadband flux is given in Table HI and the 
measured Balmer decrements are given in Table [5] 



2.2 Optical data 

2.2.1 VLT FORS Imaging 

A2597 and A2204 were observed with the Focal Reducer/low 
dispersion Spectrograph (FORS) in imaging mode on the 
Very Large Telescope (VLT) in 2001 and 2002. Images were 
taken in the U, B, V, R and I Bessel filters under photometric 
conditions with a seeing better than 1 arcsec. The reduction 
was performed using IRAF and a number of dedicated IDL 
routines. The frames are dark and flat corrected. Hot pixels, 
cosmics and artefacts are identified and interpolated over. A 
linear plane is fitted to the sky background and subtracted 
from the data. 

All images are convolved to a common output spatial 
resolution of a Gaussian with 1 arcsec FWHM. The point 
spread function (PSF) was measured using about 20 stars 
in each frame, 10 of these stars are common to all observed 
frames. The zeropoints are determined by correcting the 
Landolt standard star magnitudes for the color difference 
between the Johnson (Landolt) and Bessel (FORS) filter sys- 
tems. Multiple standard stars are available in each Landolt 
field and the uncertainty given for the zeropoint is taken as 
the maximum deviation in the zeropoints obtained from all 
standard stars within a given field. Only frames obtained in 



2.3 Radio data 

A2597: Archival VLA 5 GHz observations of A2597 (project 
code: AC742) were reduced with the NRAO Astronomical 
Image Processing System (AIPS). The A-configuration 
observations were taken in single channel continuum mode 
with two 50 MHz wide IFs centred around 4850 MHz. 
The total on source time was 405 min. The data was flux 
calibrated using the primary calibrator 0137+331. We 
used the | Perley &; Taylor| ( |1999| extension to the Baars et 



al. (1977) scale to set the absolute flux scale. Amplitude 
and phase variations were tracked using the secondary 
calibrator 2246-121 and applied to the data. The data was 
imaged using robust weighting set to 0.5, giving a beam 
size of 0.64 arcsec by 0.49 arcsec. The one sigma map noise 
is 20 /iJy beam -1 . Radio maps of A2597 at 0.33, 1.4, and 



8.4 GHz were previously published by ( jBirzan et al. 2008 
Clarke et aL|2005| [Sarazin et al.||1995| ). 



A2204: Archival VLA 5 and 8 GHz observations of 
A2204 (project code: AT211) were reduced with the NRAO 
Astronomical Image Processing System (AIPS). The 5 
GHz observations were taken in A-configuration in single 
channel continuum mode with two 50 MHz wide IFs centred 
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around 4850 MHz. The 8 GHz observations were taken in 
B- and C-configuration in single channel continuum mode 
with two 50 MHz wide IFs centred around 8115 MHz. 
The total on source time was 31 min and 113 min for 
the 5 and 8 GHz observations respectively. The data was 
flux calibrated using the primary calibrator 1331+305. 
Amplitude and phase variations were tracked using the 
secondary calibrator 1651+014 and applied to the data. 
The data was imaged using robust weighting set to 0.0. 
This gives a 0.44 arcsec by 0.41 arcsec beam size and one 
sigma noise of 60 /xJy beam -1 at 5 GHz observations and 
a 0.97 arcsec by 0.86 arcsec beam size and one sigma noise 
of 20 /iJy beam -1 at 8 GHz. Observations of A2204 at 1.4, 



4.8 and 8 GHz were previously published by (Sanders et al 



2009) 



we find that there is good agreement between Ha and FUV 
continuum emission in the central 40x40 kpc 2 in A2597, see 
Fig-i 

There have been no earlier investigations of A2204 in 
the FUV at the resolution of HST. There are many small 
clumps and filaments extending mostly radially away from 
the nucleus. There are two main filamentary structures. The 
first filament runs south-east to north-west along the major 
axis of the BCG. The second filament runs from the south 
to the north. Both filaments pass through the nucleus. 

Convolving the FUV emission to the match the resolu- 
tion of the Ha map by Jaff e et al.| ( |2005| ) shows that also in 
this object there is good agreement between Ha and FUV 
continuum emission in the central 40x40 kpc 2 , see Fig. [4] 



2.4 X-ray data 

We have retrieved all publicly available X-ray data from the 
CHANDRA archive. For A2597 we combined three sepa- 
rate observations having a total exposure time of 153.7 ks 
(project codes 7329; 6934; 922). For A2204 we combined 
three separate observations having a total exposure time of 
98.1 ks (project codes 7940; 6104; 499). CHANDRA data for 
A2597 and A2204 has previously been published by (|McNa- 



mara et al. 12001] | Clarke et al.|2005|| Jaffe et al. (2005) | Sanders 
et al.|2009) ~ 



3 RESULTS 

3.1 FUV: A2597 and A2204. 

The combined F150LP images of A2597 and A2204 show 
FUV continuum emission out to 20 kpc from their respec- 
tive BCG nuclei, see Figs. [1] [2] [3] and [4] This emission is 
observed to originate in knots that are part of narrow, kpc- 
scale filaments. These knots and filaments are embedded in 
lower-level, diffuse FUV emission centered on the BCG nu- 
cleus. The most prominent knots identified by us are given 
in Fig. [Al] and Tables [AT| and |A2] in Appendix [A] 

In A2597 the filaments appear to be winding around the 
BCG nucleus in a spiral-like manner, perhaps indicative of 
ongoing gas in- and outflows. There are three main filamen- 
tary structures extending towards the north-east (NE), the 
south-east (SE) and the south-west (SW) from the nucleus. 
With the exception of the SE filament the FUV emission 
extends mostly along the projected minor axis of the A2597 
BCG. The optical nucleus lies along the SW filament. 

The central knots observed in the our ACS-SBC FUV 
continuum map of A2597 match those seen in the lower sig- 
nal to noi se HST-STIS FUV continuum image by O'Dea et| 
al. (2004). The central FUV structures observed here also 



match the observed optical and near-infrared line emission 



observed with HST by Koekemoer et al. (1999) and Don- 
ahu e et ah] ([2000). The extension of the SW filament to- 



wards (a,(5)=(23:25:19. 5,-12:07:30) is marginally visib le in 
the Lya+FUV contin uum image by|Q'Dea et al.| ( |2004|, but 
it is not visible in the |Koekemoer et al. (1999) and Donahue 
et al. (2000) images. 



Convolving the FUV emission to match the resolution 



3.2 Optical: A2597 and A2204 

The combined optical images of A2597 show that the BCG 
has a blue core, see Fig. [5] In Section[4]we show that this core 
consists of three blue filamentary structures extending out- 
wards from the nucleus towards the north-east, south-east 
and south-west. These structures closely follow the morphol- 
ogy of the FUV emission. The optical images are not as deep 
as the FUV image and only allow us to trace these filaments 
out to about 10 kpc from the nucleus. 

The combined optical images of A2204 show that this 
BCG also has a blue core, see Fig. [5] In Section [4] we show 
that there are two blue filamentary structures intersecting 
the nucleus along an axis running north-south and an axis 
running south-east to north-west. This is in good agreement 
with the FUV emission. The quality of the optical imaging 
again only allows us to trace these filaments out to about 
10 kpc from nucleus. 

The optical images furthermore show that the A2204 
cluster is a strongly lensing system. Many blue, lensed galax- 
ies are observed and these become even more pronounced 
if the B-band data is added (not shown here). The lensed 
galaxy (z=2.74, |Wilman et al.l (120061)) 8 arcsec north-east 
shows up prominently in the U-band image but it is not 
visible in the FUV image. 



3.3 Radio and X-ray emission 

The radio source in the A2597 BCG is known as PKS 2322- 
12. We show a very deep 5 GHz radio map of A2597 in Fig. 
[2] The radio structures are in good agreement with the pre- 
viously published deep, but lower resolution, 1.3 GHz map 
by I Clarke et al.| ( |2005| . We now clearly see that besides 
the well known northern and southern radio lobes a much 
weaker double lobe-like structure appears at a roughly or- 
thogonal position angle. Whether this structure is due to 
an older outflow or perhaps a backflow from the current jets 



can not be clarified from this data alone. Clarke et al. (2005) 



show that more extended radio emission is present in A2597 
at lower frequencies. 

Previous investigations of A2597 claim a correlation be- 
tween the radio emission, the UV-optical excess emission 



and the central emission line gas (McNamara &; O'Connell 
19931 JKoekemoer et al.|[l999l |Donahue et al.||2000| |CTPea 



of the deep, ground-based Ha map by Jaffe et al. (2005) 



et al.|2004 ) . In particular they show that the U-band excess 



light follows the radio lobes in the central 10 kpc, and that 
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some of the FUV and emission line filaments trace parts of 
the radio lobes. 

In Oonk et al. ( 20101) we found a strong dynamical inter- 



action between the emission line gas and the current radio 
jet in the central few kpc of A2597. Outside of this cen- 
tral region there was no sign of a causal relation between 
the two. The FUV observations presented here are consis- 
tent with this picture. We find that the peak of the FUV 
emission agrees with the radio core in A2597 and that the 
central FUV filaments overlap with the radio structures. 
This is most evident for the brightest parts of the north- 
ern and southern filaments that appear to curve along the 
inner edges of the radio lobes. A new feature observed here 
is that the south-eastern FUV filament is oriented along the 
low surface brightness double lobe-like radio structure. 

The radio source in A2204 is known as 
VLSS J1632.7+0534. Fig. [4] shows that the 5 GHz ra- 
dio emission extends to the north and south of the nucleus. 
This double lobe structure is confirmed by the very deep 
8 GHz observations shown in in Fig. [6] In the 8 GHz map 
we find two new radio features at the 3 sigma level. The 
first feature is about 4 arcsec north of the nucleus and, in 
projection, coincides with the bright northern FUV knot. 
It is discussed further in Section [6.21 The second feature is 
a narrow arc about 3 arcsec south-west of the nucleus. This 
arc does not coincide with any known structures at other 
wavelengths. Both features are low signal-to-noise and need 
to be confirmed by future observations. 

The relation between the FUV and radio emission in 
A2204 is similar to A2597. In A2204 we find that the peak 
of the FUV emission agrees with the radio core and that the 
north-south FUV filament is aligned with the radio lobes. 



Wilman et al. (2009) show that the emission line gas in the 
central few kpc of A2204 has a high velocity dispersion. It 
is likely that the gas here is stirred up by the AGN, in the 
same manner as in A2597, but this needs to be confirmed 
by observations a higher spatial resolution. 

The observations presented here for A2597 and A2204 
are consistent with the idea of a strong interaction between 
the radio source and its immediate surroundings in the cen- 
tral few kpc of the BCG. However, outside of this region the 
FUV emission, and the emission line gas, does not show an 
obvious causal relation with the current radio outflows and 
as such remain to be explained. 

The general relation between FUV and radio emission, 
if any exists, is currently not clear for cool-core BCGs as a 



class of objects. [O'Dea et al. (2010) present FUV and radio 
observations for a sample of 7 BCGs. All of their sources 
show FUV and radio emission, but only half of them show 
enhanced FUV continuum emission at the location of the ra- 
dio source. In our observations, as well as in those by |Q'Dea| 
et al. (2010), it is found that in almost all BCGs the current 



radio outflows are active on scales less than 10 kpc whereas 
the FUV emission is present on scales of about 30 kpc. More 
and deeper observations, in particular in the radio, are nec- 
essary to investigate the relation between the FUV emission 
and the radio outflows in these objects further. 

The radio images of A2597 and A2204 presented here 
show that previously unknown or unresolved radio struc- 
tures become visible when imaging the BCGs to ever-greater 
depths. At present it is difficult to determine the details of 
these structures as matched multi-frequency observations at 



sufficient depth and spatial resolution are lacking. At 5 GHz 
the radio emission traces young relativistic electrons with a 
synchrotron lifetime ^10 7 yr for a magnetic field strength 
of 30 fiG. 

The X-ray emission in both clusters is centered on the 
BCG. The peak of the X-ray emission agrees with the peak 
emission observed in the radio, FUV and optical images. 
The X-ray emission in these clusters is discussed in detail in 



Sanders et al.| ([2009} and |Clarke et al.| ([2005]); |McNamara 
et al.M200lL 



3.4 Surface brightness profiles 

In Fig. [7] we compare the FUV, Ha, V-band, X-ray emission 
and 5 GHz radio continuum with each other along 2 arcsec 
wide pseudo-slits centred on the nuclei of the BCGs. The 
V-band emission traces the older stellar population in both 
BCGs. The Ha emission is taken from Jaffe et al. (2005) 



and shown superimposed on the smoothed FUV emission in 
Figs. [2] and [3] The surface brightness profiles obtained from 
these pseudo-slits have been normalised at the position of 
the optical nucleus and have been computed after convolving 
all images to a common spatial output resolution of 1 arcsec 
FWHM. 

In A2597 the slits are placed along the projected major 
(PA=-40 degrees) and minor (PA=+50 degrees) optical axis 
of the BCG. Along the major axis of the BCG the FUV and 
Ha and radio emission are more centrally concentrated than 
the stellar V-band and thermal X-ray emission. Northwards 
along the minor axis, excess FUV, Ha and radio emission 
is observed relative to the V-band stellar emission. No ex- 
cess emission relative to the V-band stellar light is observed 
south along the minor axis. Overall, the 5 GHz radio emis- 
sion is more and the X-ray emission is less centrally con- 
centrated than the FUV, Ha and V-band light. The FUV 
and Ha emission trace each other better than the stellar 
V-band light. The sharp decrease in radio emission outside 
of the nucleus is in part due to our focus on the 5 GHz ra- 



dio emission alone. Clarke et al. (2005) show that the radio 



source is significantly larger at lower radio frequencies. To 
properly account for the non-thermal, relativistic, electron 
component in BCGs matched multi-frequency radio imaging 
needs to be performed. 

In A2204 the slits are placed along an axis running east- 
west and an axis running north-south. There are no regions 
with both strong FUV and Ha excesses observed relative to 
the stellar light along these slits. The Ha emission appears 
to be in excess relative to the FUV and stellar V-band light. 
This is unlikely to be physical. A possible explanation fol- 
lows from the filters used by Jaffe et al. (2005) to measure 



Ha. These filters are so narrow that part of the broad Ha 
line wings at the nucleus are not included. This will then lead 
to an artificially broadened Ha profile. For A2204 we also 
find that the radio emission is more and the X-ray emission 
is less centrally concentrated than the FUV, Ha and stel- 
lar light. The northern radio lobe is largely missed by our 
north-south slit, this explains the steep drop in the radio 
surface brightness profile here. The radio source in A2204 is 



observed to be more extended at lower frequencies ( Sanders 
eTaLl[2009t . 
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4 TOTAL FUV/U EMISSION 

BCGs in cool-core clusters are well known to have large ex- 
tended ionised gas nebulae and bluer continuum colors than 
non-cool-core cD galaxies (e.g 
19921 iBildfell et al.|2008L 



McNamara & O'Connell 



Johnstone & Fabian (1988) find that to explain the ob- 



served distribution of Ha line emission in NGC 1275, the 
BCG in the Perseus galaxy cluster, that one needs a source 
of heating and excitation which is local to the gas. The same 
is true for other BCGs (e.g. Hec kman et al.|1989| ). A natural 
explanation for these observations would be that hot, young 
stars are forming in BCGs (Crawford & Fabian 1993; Pipino 



et al. 2009; jHicks et al.||2010| ) 

In the previous section we showed that the ionised gas 
emission in A2597 and A2204 on large scales matches the 
FUV emission. In this section we will show that the central 
20 kpc regions of the BCGs in these clusters are very blue 
by investigating the FUV^/U^ flux ratio and by, somewhat 
naively, comparing it to single stellar population (SSP) mod- 
els from |Bruzual fe Charlot| ( |2003| ). We use the FUV U /XJ U 
ratio as these are the only bands that are free of contami- 
nation by line emission. In Section [5] we will investigate in 
more detail what kind of stars are required in order to re- 
produce the observed FUV to optical colors. In Section [6] we 
will study the relation between these stars and the ionised 
gas in these systems. 

Prior to computing the FUV^/U^ ratio we remove the 
background emission from the FUV images using the back- 
ground regions shown in Fig. [5] For consistency we use the 
same regions to define and remove a zero-level from the op- 
tical images. In the optical images these background regions 
still lie within regions of stellar emission, but the optical 
colors are not affected by selecting the background in this 
way. 



4.1 Bruzual & Chariot 2003 SSP models 

In Fig. [8] and [5] we model the total observed FUV to U 
band emission with the emission ratio expected from a single 
stellar population (SSP). The aim of this SSP investigation 
is not to determine what the exact stellar population is, 
but simply to show that the emission in the filamentary 
structures in the cores of the BCGs is blue and indicative of 
a young stellar population. 

The SSPs used in this investigation are a set of solar 



metallicity template spectra published by |Tremonti et aT7 
(2003 ) that are based on the models by Bruzual & Chariot 



(2003). The ages of these populations vary from 5 Myr to 



11 Gyr. We have calculated the FUV^/U^ ratio for these 
models as function of SSP age using different amounts of 
extinction for A2597 and A2204. The results are shown in 
Fig. [9] 

If we take into account extinction due to the MW fore- 
ground only we find that the central 10 kpc emission in 
A2597 and A2204 can be explained with SSPs models that 
have SSP ages less than 100 Myr, see Fig. [8] In this analysis 
most of the blue knots in A2597 and A2204 have SSP ages 
less than 30 Myr. The most extreme knots, i.e. the eastern 
knot in the south-eastern filament in A2597 and northern 
knot in the north-south filament in A2204, have SSP ages 
less than 5 Myr. 



We note here that the SSPs are double- valued in terms 
of the FUVv/Uv ratio for ages older than 640 Myr in A2597 
and 290 Myr in A2204. This behaviour of the FXTVv/XJv 
ratio is due to the UV-upturn for stellar populations with 
ages above a 1 Gyr. For all FUV^/U^ ratios in the range 
where the SSP models are double valued we have set the 
SSP age in Fig.[S]to the youngest value allowed in this range. 

Allowing for additional extinction intrinsic to the BCG 
further lowers the allowed SSP ages for the regions observed. 
In Fig. [8] we present the FUV^/U^ ratio for SSPs reddened 
by different amounts of dust. If all of the extinction at- 
tributed to the BCG were to lie in front of the filaments 
then all of the filamentary emission in the central 10 kpc 
of both A2597 and A2204 would require an SSP age less 
than 5 Myr. We will discuss the presence of the dust and to 
correct for it in more detail in Section fe. 5 1 

We conclude here that the observations are marginally 
consistent with the existence of a very young stellar popula- 
tion. Modelling the filamentary emission with a SSP is not 
very realistic as there is a considerable underlying older stel- 
lar population in the BCGs. Any contribution to the FUV 
and U band light from the underlying old stellar population 
will lead to a lower FUV^/U^ ratio and hence to an overes- 
timate of the age of the young stellar component. Trying to 
distinguish multiple stellar populations using our current set 
of broadband data, with only two line emission free bands, is 
a highly degenerate process for these complex systems and 
we will not pursue it here. Instead we will attempt to further 
constrain the nature of the blue filaments by removing the 
old stellar population and investigating only the F\JV U /\J U 
ratio of the excess emission in terms of simple stellar and 
non- stellar models. 



5 EXCESS FUV/U: STELLAR ORIGIN ? 

In this section we will investigate whether young stars can 
account for the observed colors in A2597 and A2204. We 
do this by obtaining the excess FUV v ,exc /U v,exc continuum 
emission ratio and compare it with main sequence stellar 



models by |Kurucz| fll993| ) (hereafter K93). The K93 stel- 
lar models will allow us to assign stellar temperatures to 
the stars necessary to explain the observed emission. In this 
work we focus on stars, however we also present results for 
blackbody (BB) models. These BB models can be used to 
describe optically thick emission processes and are given for 
comparison purposes. 

The FUV to U-band ratio is a good discriminator of 
stellar temperature, because (i) the ratio increases strongly 
with increasing temperature and (ii) it is single valued in 
terms of temperature. We show this in the context of BB 
models in Fig. [To] and this is equally true for the K93 stel- 
lar models. We have verified that the stellar temperatures 
derived via our broad band method are consistent with the 
stellar temperatures derived from FUV spectroscopy for a 
number of main sequence in the nearby HII region NGC 604 
in M33, see Appendix |B| 

In order to obtain the excess ratio we will first inves- 
tigate line contamination of our images and then remove 
emission due to the old stellar population from our FUV 
and U-band images. Having obtained the excess ratio we 
calculate the stellar temperatures necessary to explain the 



FUV emission in Abell 2597 and Abell 2204 7 



observations. We then end this section by discussing the im- 
plications of nebular continuum emission and dust intrinsic 
to the BCG. 



5.1 Contamination by line emission 

BCGs contain a significant amount of gas at a large range of 
temperatures. Emission from this gas is usually dominated 
by line emission and not by the underlying nebular contin- 
uum. This emission may contribute the observed FUV^/U^ 
ratio. In this section we will discuss the line emission and in 
Section f5. 41 we will discuss the nebular continuum. 

Optical to millimetre spectroscopy shows prominent 
line emission from gas at temperatures T~10 1-4 K (e.g. 



Voit & Donahue 1997 Edge 2001 Jaffe et al. 2005). We 



have taken optical spectra of A2597 and A2204 with FORS 
on the VLT (Oonk et al. in prep.). These spectra show that 
the [Oil] 3727 A line is redshifted out of the U-band for both 
A2597 and A2204, see Fig. [II] No other known strong emis- 
sion lines are present that could contaminate the U-band 
images. Contamination of the continuum by line emission 
does affect the V, R and I-band images. The fraction of line 
to continuum emission, as measured from our FORS spectra, 
is summarised in Table [4] 

The FUV F150LP images of A2597 and A2204 are not 
affected by Lya emission. However, the images could be af- 
fected by other emission lines such as CIV at 1549 A. After 
Lya this CIV line is usually the most prominent emission 
line in the FUV regime. This line is typically observed in re- 
gions where gas is heated to temperatures T^IO 5 K. Regions 
near powerful AGN or heated by strong shocks are exam- 
ples in which CIV at 1549 A is seen in emission. Below we 
elaborate on why we believe that there is no contamination 
by line emission in the FUV band. 



5.1.1 CIV emission in A2597 and A2204 



CIV 1549 A line emission was recently suggested by Sparks 
et al. (2009) to explain the FUV emission of the south- 



eastern filaments in M87. If strong line emission is present 
in our FUV images this means that our method will overes- 
timate the stellar temperatures in A2597 and A2204. 

In the case of A2597 an off-nuclear FUV spectrum is 



presented in O'Dea et al. (2004). This spectrum shows no 



evidence for line emission in the wavelength range sampled 
by our F150LP images. We can calculate what th e strength 
of t he CI V 1549 A line would have to be in the lO'Dea etl 
[all ( |2QQ4| ) spectrum if the FUV emission observed by us in 
this region is solely due to this line. From our F150LP image 
we find Fa ^10 -17 erg s _1 cm -2 A -1 arcsec -2 . This is in 
good agreement with O'Dea et al. ([2004). The width of the 



F150LP filter is 113 A and thus the integrated F150LP flux 
is F~10- 15 — ™" 2 — - 2 

If we assume that the line has the same 

O'Dea 

the 
l 



erg s ^ cm ~ arcsec 
we assume that the line has 
FWHM as the Lya line measured by 
then 
16 erg s 



al 

Fpeafc 



(2004) 



peak 



flux 

A-i 



et 



of this line would be 
This would be 



10 erg s " cm " A * arcsec 
comparable to the Lya line and should easily have been 
visible in the FUV spectrum presented by O' Dea et al.| 
(2004|). These authors calculate the F(Lya)/F(CIV)^0.07 



in their spectrum. 



We thus conclude that the CIV 1549 A line or any other 
line in the wavelength range sampled by the F150LP filter 
can not be responsible for a significant part of the FUV flux 
observed by us in A2597. For A2204 there is no measured 
FUV spectra with sufficient quality to investigate the pres- 
ence of line emission. 

In order to further assess the presence of line emission 
in our FUV band we have re-processed the M87 FUV images 
from [Sparks et al.| ( |2009| ) . We find that CIV emission is not 
a necessary requirement. Normal main sequence stars with 
stellar temperatures T^ 10000 K are able to explain the ob- 
servations, see Appendix [C] We thus conclude, by extension 
of the A2597 and M87 results, that it is unlikely that a sig- 
nificant part of the FUV emission observed in A2204 would 
be due to line emission. 



5.2 Removing the old stellar population 

BCGs are complex stellar systems. The U band and to a 
smaller degree the FUV band emission do not just come from 
young stars. Older stars, such as K-giants, contribute to the 
observed emission. In order to determine whether a young 
stellar population is consistent with the observed FUV^/U^ 
ratio we need to first remove the older population. 

We do this by identifying regions in our images that are 
dominated by old stars. These regions are indicated by the 
blue squares in Fig. [5] or equivalently by the black squares 
in Figs. [12] and |13| The area in which we can find reliable 
old-star regions is limited by the field of view of the FUV 
observations. 

In the case of A2204 there is a companion elliptical 
galaxy to the south-west of the BCG. This elliptical is part of 
the galaxy cluster and shows low-level diffuse FUV emission 
expected from an old stellar population. We will refer to this 
old elliptical as A2204-SW. The other elliptical companion 
north of the A2204 BCG contains a bright FUV point-source 
associated with its nucleus. This is not consistent with an 
old stellar population and hence we do not use it. 

In the case of A2597 there is no elliptical companion 
galaxy within the field of view of the FUV observations. 
Instead we use two regions within the outer regions of the 
BCG itself to identify old stellar regions. We will refer to 
the average of these two regions as A2597-OFF. 

Having identified the old stellar regions in our observa- 
tions, we can determine their FUV/V and U/V ratios and 
use the V image to remove the emission coming from the 
underlying old stellar population in our FUV and U images. 
We use the V band image, instead of the R or I band image, 
because the line contamination in this band is small and well 
determined from our spectroscopic observations. 

However, first we perform a cross-check of the old stellar 
regions defined by us. We do this by comparing the U/V 
ratios determined here with the U/V ratio for a number of 
nearby elliptical galaxies using the larger field of view of the 
optical images. The nearby ellipticals selected are indicated 
by the red squares in Fig. [5] We will refer to this sample of 
nearby ellipticals as A2597-COMP and A2204-COMP and 
we find that their average U/V ratio agrees well with that 
of A2597-OFF and A2204-SW, see Tables [6] and [7| 

Next we need to consider line contamination of the 
FORS V band image. The V band line contamination is due 
to H/3 and OIII emission. The deep narrow-band Ha im- 
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ages by |Jaffe et aL ( 2005 ) show that the old stellar regions 



selected by us do not contain significant line emission, see 
also Fig. [2] Similarly from off-nuclear FORS spectroscopy 
(not shown here) we know that the line contamination of 
the V band decreases sharply along the major-axis of the 
BCG, see also Fig. [7] We thus conclude that that the U/V 
and the FUV/V ratios determined in the old- star regions 
are not contaminated by line emission. 

We then assume that the line contamination within the 
FUV, U-band bright filamentary regions is independent of 
location and well described by the average value quoted in 
Table [4] This assumption is supported by our Ha images 
and FORS spectra. These show that the line contamination 
in the central 20 kpc region along the minor axis of the 
galaxy does not vary significantly on the scales relevant to 
this investigation, i.e. ~1 arcsec, see also Fig. [2] 

We thus subtract the emission fraction due to line con- 
tamination from our V band images and use these line sub- 
tracted V-band images to compute the FUV and U excess 
images, see Figs. [l2| and [13] We note that the line contami- 
nation correction of the V-band has a small but systematic 
effect on the FXJV u ,exc/Uv,exc excess emission ratio in that 
it lowers this ratio about 5 per-cent. This is easily explained 
by noting that the old stellar population contributes more 
to the U than to the FUV emission. From here on we will 
denote the total light images as FW u ,tot and U u ,tot and the 
excess light images as F\JV u , e xc and XJ u ,exc- 

In Table [§] we give the FUV and U band fluxes inte- 
grated over large 18 kpc radial apertures for (i) the total 
light, (ii) the excess light, (iii) the nebular continuum and 
(iv) the Ra flux in A2597 and A2204. We see that on large 
scales only about 20 percent of the total observed FUV flux 
can be accounted for by the old stellar population in both 
targets. Similarly we find that about 80 percent of the U 
flux in A2597 and about 60 percent of the U flux in A2204 
can be accounted for by the old stellar population. 



5.3 The FUV, 



c/U u , t 



excess ratio 



Having subtracted the emission contributed by the old stel- 
lar population from the FUVtot and XJtot images we obtained 
the two excess images FUVe^c and \J e xa see Figures [l4| and 
|15| These images show that excess FUV and U band light 
trace each other very well in the central 20 kpc regions of 
A2597 and A2204. 

We will now investigate whether the observed 
FUVi/,exc/Ui/ >exc ratio is consistent with the emission ra- 
tio expected for young stars by comparing it to K93 stel- 
lar models. A2597 and A2204 are at redshifts z=0.0821 and 
z=0.1517 respectively. We redshift the K93 stellar models by 
these amounts and compute the FW u /Uu ratio by convolv- 
ing the model spectra with the F150LP and U Bessel filters. 
For comparison reasons we also compute the FUV^/U, ra- 
tio for a set of BB models. The results for both models are 
given in Fig. |16| 

To improve the signal to noise we have re-binned the 
FUVexc and U exc images for A2597 and A2204 by a factor 
3 so that one pixel now corresponds to 0.6x0.6 arcsec 2 . We 
find in the central region region of A2597 that the observed 
FW U ,exc/Uu,exc ratio is between 1.7 and 2.6. Comparing 
with the K93 stellar models and invoking extinction by MW 
foreground dust only, we find that a F\JV u , exc /\Ju,exc ratio 



between 1.7 and 2.6 corresponds to main-sequence stars with 
temperatures between 28000 and 50000 K. 

We have plotted the observed F\JV u , exc /\Jv,exc ratio, its 
corresponding K93 stellar temperature, and their uncertain- 
ties in Fig. |14| The uncertainty in the ratio takes into ac- 
count the absolute flux uncertainty and the poissonian noise 
for all involved images. The uncertainty in the ratio and in 
the temperature are non-linear. For the maps presented here 
we have chosen to represent the uncertainty by the average 
of the one sigma upper and lower deviation. The K93 models 
allow for stellar temperatures in range 0-50000 K. If either 
the lower or the upper deviation falls outside of this range, 
then the uncertainty given is set to the deviation that does 
fall within the allowed range. 

There are a number of pixels that have a ratio greater 
than 2.6 and thus a best-fit temperature above the value 
allowed for normal main-sequence O-stars. These pixels have 
a low signal-to-noise mainly because of their low U band flux. 
The corresponding large error on these pixels allows us to 
reconcile them with a stellar origin. There is not much sub- 
structure in the temperature map of A2597. One can argue 
that there is a small decrease in temperature beyond the 
central 10x10 kpc 2 but the low statistics and higher noise 
here do not allow for strong statements. 

In A2204 we find that the observed FXJV u , exc /XJu,exc 
ratio is between 1 and 1.8. Comparing with the K93 stellar 
models, taking into account extinction by MW foreground 
dust only, this corresponds to main-sequence stars with tem- 
peratures between 20000 and 40000 K. The results are plot- 
ted in Fig. |15| The temperatures derived for the FUV and U 
excess emission in A2204 are bit lower than for A2597. The 
A2204 temperature map does show some substructure in 
that the knots west and north of the nucleus have the high- 
est temperatures being at 30000 to 40000 K. The remaining 
parts of the central region in A2204 have a temperature cor- 
responding to 20000 to 30000 K. 

Interpreting the observed FXJV u ,exc/Uv,exc ratio terms 
of BB models requires temperatures above 35000 K in A2597 
and above 30000 K in A2204, if extinction by MW fore- 
ground dust only is taken into account. 

5.4 Nebular continuum emission 

Figs. [2] and [4] show that the ionised g as , as traced by the Ha 
recombination line, is co-spatial with the FUV emission on 
kpc-scales. This ionised gas has a temperature T~10 4 K and 
will emit continuum emission in the FUV-optical wavelength 
range. The amount of nebular continuum emission depends 
not only on the temperature and density of this gas but also 
on whether the gas is ionisation or density bounded. 

The maximum amount of nebular continuum is pro- 
duced when the gas is ionisation bounded. We have esti- 
mated the contribution of nebular continuum to the FUV 
flux in this case based on the Ha measurements by Jaffe 
et al.| ([20051 using the NEBCONT program (|Howarth et 



al. 2004). As our input we use an electron temperature 
T e =l(r K, electron density n e =10 2 cm" 3 , 10% He abun- 
dance and the total extinction estimated from the Balmer 
decrements measured in our FORS spectra. The results for 
18 kpc radial apertures are presented in Table [8] 

We find that 5% and 11% of the total FUV band flux in 
A2597 and A2204 respectively is due to nebular continuum 
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emission. This percentage increases to 6% and 13% if we 
consider only the excess FUV emission. The contribution of 
nebular emission to the total U band flux is 6% and 15% for 
A2597 and A2204 respectively. This increases to 38% and 
39% if we consider only the excess U emission. 

Removing the nebular continuum emission increases 
the FUVi/,ea;c/Uy,exc ratio by a factor 1.5 and 1.4 for 
A2597 and A2204 respectively. Increasing the observed 
FUV^eajc/U^eajc ratio by a factor 1.5 means that most of 
the central 20 kpc emission in A2597 can no longer be ex- 
plained by stars. In the case of A2204 removing the nebular 
continuum means that the FUV bright clumps north and 
north-west of the nucleus can no be explained by stars, but 
most of the remaining emission in the central 20 kpc can 
still be reconciled with a stellar origin. 

Above we have calculated the maximum contribution 
coming from the ionised gas in the form of nebular contin- 
uum emission. We note that currently it is not clear if the 
gas is ionisation or density bounded. In the latter case the 
continuum emission contributed to the FUV and U-bands 



by the ionised gas could be lower. O'Dea et al. (1994) ar- 



gue that the Ha emission arises from the ionised skins on 
HI clouds and that as such the gas nebula in A2597 is ion- 
isation bounded. This picture is consistent with low spatial 
resolution measurements of Ha, HI and 01 6300 A. Recent 
high spatial resolution HST measurements of NGC 1275, the 
nearby BCG in the Perseus galaxy cluster, show that the Ha 
emission line filaments are very thin, i.e. they have pc-scale 



widths (Fabian et al. 2008). Such very thin filaments may 



allow for a density bounded state of the gas in NGC 1275 
and by extension in A2597 and A2204. Further observations 
are necessary to investigate the condition of this gas. 

5.5 Dust intrinsic to the BCG 

Our FORS optical images of A2597 and A2204 do not show 
strong evidence for dust in these systems. However, archival 
optical images from HST do show that these BCGs are mor- 
phologically disturbed at their centres, see Fig. [lT| This 
patchy morphology is indicative of obscuration by dust in 
these systems. 

This is confirmed by measurements of the Balmer decre- 
ments in our FORS spectra, see Table [5] These decrements 
deviate strongly from case B recombination and can be be 
described by dust extinguishing light according to an aver- 
age Milky Way (MW) type extinction law, such as described 
by |Cardelli, Clayton fe Mathis| (|T989| (hereafter C89). 

Results by |Voit &; Donahue| ( |1997| confirm that in the 
optical regime the dust in A2597 can be described by an av- 
erage MW type extinction law with Ay ~1. For A2204 our 
Balmer decrements imply a higher extinction than would be 
obtained from the measurements presented in [Crawford et 
al. (11999). Contrary tolCrawford et al. (1999) we measure 



the Balmer ratios within the same slit which is why we pre- 
fer our measurement for A2204. Interestingly we note that 
our spectra do not show strong changes in the Balmer decre- 
ments over the central ~15 kpc regions in A2597 and A2204. 
A disturbed morphology and Balmer decrements that devi- 
ate strongly from case B recombination are typical for cool- 
core BCGs as a class of objects (e.g. Crawford et al.| |l999 
O'Dea et al.||2010). 



extinction properties for the diffuse interstellar medium in 
our galaxy. It is parametrized from 0.125 to 3.5 /xm covering 
the range in wavelengths important to us. Although there 
is no reason to a priori assume that the dust properties in 
the BCGs is the same as in the MW, there is no evidence 
from either optical spectroscopy or the far-infrared spectral 



energy distributions ( Voit & Donahue 1997 Edge et al. 2010 
Oonk et al. in prep.) that the dust in BCGs is different. 

Below we will investigate how extinction by dust af- 
fects the FUV and U band fluxes. In order to do so we 
will always use the C89 extinction law to describe the total 
extinction as being due to two components; (i) foreground 
MW dust and (ii) dust intrinsic to the BCG. The extinction 
due to the MW towards A25 97 and A2204 is A v , M w=0.1 
and Av,mw=0.3 respectively ( Schlegel et al.|1 998). In order 
to explain the observed Balmer decrements we require the 
dust component intrinsic to the BCG to be Av,bcg=1-3 for 
A2597 and A v ,bcg=1.6 for A2204, see Table [5] These val- 
ues have been calculated by invoking the C89 extinction law 
and by taking redshift effects into account. 

Up to this point we have considered extinction due to 



MW foreground dust only. In Fig. 16 we plot the FUV^/U 



The C89 extinction law aims to reproduce the global 



ratio for varying amounts of extinction. Dust has a dramatic 
effect upon the FUV^/U^ ratio. The highest ratio values 
observed in A2597 and A2204 can be reconciled with the 
K93 stellar models in the case where the only dust in front 
of these regions is the MW foreground. The average ratio 
value observed in the central 10 kpc of A2597 is about 2.1 
and about 1.1 in A2204. If half of the dust intrinsic to the 
BCG or more is front of the emitting regions then normal 
main sequence stars as described by the K93 models can no 
longer explain the observed emission ratio. 

This leads to the following possible explanations; 
(i) There is little to no dust in front of the high 
FUV^exc/U^exc areas and their emission is due to hot main- 
sequence stars, (ii) The emission is due to exotic stars, such 
as Wolf-Rayet stars or White Dwarfs, with temperatures 
above 50000 K. (iii) A non-stellar source contributes to the 
observed wavelength regime or alternatively this source af- 
fects the Balmer decrement measurements, (iv) A MW type 
extinction law, although consistent with the optical Balmer 
decrements, is not applicable to the FUV wavelength range 
studied here. 

Explanations (ii-iv) will be discussed in Sections [7] and 
[8] Here we will shortly discuss explanation (i). A clumpy, 
dusty medium, such as observed in A2597 and A2204, may 
give rise to a selection effect in that we preferentially observe 
FUV emission coming from regions with low extinction along 
the line of sight. There are two ways in which this could arise, 
(a) the sightlines along these regions have intrinsically very 
low extinction, or (b) the Balmer decrements trace the dust 
over a longer column than the observed FUV emission i.e. 
we only observe the FUV emission coming from the front 
part of the line of sight. 

Our optical spectra sample a small, but representative 
part of the FUV bright regions. Here we can rule out op- 
tion (a) because we do not observe any regions with low 
extinction. Option (b) seems unlikely because the FUV to 
Ha ratio would vary significantly if background HII regions 
exist where high Balmer decrements are observed but the 
FUV emission is highly extinguished. Some spread is ob- 
served in the FUV to Ha emission, but generally they are 
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found to be well correlated, see O'Dea et al. ( 2004 ) and Figs. 
H@and[7] 

While selection bias may have favored regions with low 
extinction in determining the FUV to U ratio, the FUV to 
Ha ratio seems to indicate that this is not crucial in our 
analysis. Our optical spectra, ofcourse, only sample a subset 
of the regime where we have measured the FUV to U ratio. 
Two dimensional integral field observations of the relation 
between Ha/H/3 versus FUV/Ha could clarify this issue. 



6 STAR FORMATION 

In the previous section we showed that very hot O-stars are 
able to explain to observed FUV and U emission. In this 
section we investigate whether these stars can power the 
ionised gas nebulae observed in Ha line emission and what 
the FUV and Ha implied star formation rates are. 



6.1 The Ha nebula 

Optical emission line nebulae, usually observed in Ha emis- 
sion, are typical for cool-core clusters (e. g. |Heckman et al. 
1989| |Crawford et al.||1999| ). |Jaffe et al.| fl2005| ) show that 
both A2597 and A2204 contain large Ha nebulae. Higher 
spatial resolution observations of the central few kpc in 



A2597 by Koekemoer et al. ( 1999 ) and Donahue et al. ( 2000 ) 



show that the central ionised gas nebula is very clumpy and 
filamentary. If we assume that the FUV light has a stellar 
origin then we can ask ourselves whether the observed Ha 
emission is quantitatively consistent with the same stellar 
origin. 

The total FUV fluxes in 18 kpc radial apertures for 
A2597 and A2204 are given in Table [5] Upon correct- 
ing for Milky Way foreground dust and distance we find 

Hz" 1 
1 . We then 

assume that the stars responsible for the FUV emission 
are on average hot O-stars and calculate their FUV flux. 
Here we will perform this calculation for an 03 star 
with a stellar radius 15 R©. Such a star has a FUV 
flux F(F150LP,O3) « 0.064 erg s" 1 cm" 2 Hz" 1 in the 
F150LP band which then corresponds to a luminosity 
L(F150LP,O3)^8.74xl- 23 erg s" 1 Hz" 1 . The observed FUV 
luminosities thus require about 30000 03 stars for A2597 
and about 80000 03 stars for A2204. 



luminosities L(FUV,A2597) = 2.5 x 10 28 erg s" 1 
and L(FUV,A22 04) = 7.2 x 10 28 erg s" 1 Hz 



Following Beckman, Zurita & Rozas (2001) and 



tinuum (Lyc) 
F(Lyc) = 10 49 - 87 
ity L(Lyc)=10 3 



[Vacca, Garmany &; Shull (1996) the total Lyman con- 
flux of an 03 main sequence star is 



photons s or equivalently a luminos- 
917 erg s" 1 . Assuming Case B down- 



ward conversion this yields L(Ha)=10 erg s . The 
03 stars in A2597 and A2204 thus produce a Ha lu- 
minosities L(O3-Ha,A2597)=3xl0 42 erg s" 1 and L(03- 
Ha,A2204)=8xl0 42 erg s" 1 . 

This is consistent with the 
measured by 
A2204, i.e. 



|Jaffe et aL] ( |2005 ) 
L(Ha,A2597)=0.9xI(r 2 



Ha luminosities 
for A2597 and 
erg s" 1 and 
We conclude that if 
all the FUV light is due to hot O-stars, then the overall 
photon budget of these stars is sufficient to produce the 



L(Ha,A2204)=2.8xl0 42 erg s" 



observed Ha emission. For A2597 this result is in agreement 
with earlier results by O'Dea et al. (2004). 

Only the Milky Way foreground extinction was taken 
into account in the above calculation. Dust extinction in- 
trinsic to the BCGs is discussed in more detail in Sect. 15.51 
Increasing the amount of dust will increase the amount of 
extinguished FUV emission relative to Ha emission and thus 
even more O-stars will be available to produce ionising pho- 
tons. Not all of the total FUV flux can be attributed to 
young stars. Below we show that about 20 per cent of the 
FUV flux in F150LP is due to the old stellar population in 
A2597 and A2204. Such a small old star contribution to the 
FUV flux does not affect the above conclusion. 

6.2 FUV and Ha star formation rates 

The extinction uncertainty translates to a large uncertainty 
for the derived star formation rates (SFR) in these systems. 
In the case of A2597, using the C89 extinction law with a 
two component dust analysis, we find that the maximum 
fractional extinction at the wavelength of the FUV F150LP 
filter (A=1612 A) and the Ha line (A=6563 A) is 28.7 and 
2.9 in flux respectively. The minimum fractional extinction 
due to the Milky Way foreground is only 1.3 and 1.1 at the 
FUV and Ha wavelengths respectively. 

Thus depending on how much of the dust is actually in 
front of the FUV and Ha emitting structures means that the 
FUV derived star formation rate is SFR(FUV,A2597)=3.5- 
77.5 yr" 1 and the Ha derived star formation rate 

is SFR(Ha,A2597)=7.0-18.6 M yr" 1 . Here we i nvoked 



the SFR relations discussed in Ball & Kennicutt (2001). 
Similarly, for A2204 we find SFR(FUV,A2204) = 10.2- 
476.9 M yr" 1 and SFR(Ha,A2204)=22. 1-75.4 M yr" 1 . 

The Ha SFR range falls within the corresponding FUV 
SFR range, but both are poorly constrained due to the 
uncertainty in the dust distribution. Previ ous SFR esti- 
mates range from 4-12 M yr" 1 for A2597 (McNamara & 
|Q ? Connell|^993| JO'Dea et al. | [2004] | Donahue et al.||2007 ) 



and 15 M ^r^ for A2204 (O'Dea et al. 2008). SFRs de- 



duced by different methods are not expected to agree as they 
trace different physical processes, regions and timescales in 
the overall star formation scheme. A recent overview of the 
different star formation rates estimated for A2597 and a dis- 
cussion of them can be found in O'Dea et al.l J2008|). 



In Section [33] we showed deep radio maps of our BCGs 
revealing interesting new structures. Here we will briefly dis- 
cuss the northern 3 sigma feature in the 8 GHz observations 
of A2204. Although it is possible that this feature is simply 
related to a background radio source it is interesting that its 
location agrees with the bright northern FUV knot. Assum- 
ing for now that the radio emission in this knot is due to 
synchrotron emission from supernova explosions we can es- 
timate a SFR by invoking the far-infrared radio correlation 



(Condon, Anderson & Helou 1991| and the SFR relations 
discussed in Ball & Kennicutt (2001). 



The peak emission of the radio feature is 82 ± 20 /xJy 
and it has an integrated flux of 110 =b 42 /xJy at 8 GHz. 
Assigning a spectral index a=-0.5 (F~ v a ) to this syn- 
chrotron emission we find a 1.49 GHz radio luminosity 
1.4xl0 22 W Hz" 1 . Applying the above mentioned rela- 
tions this translates to a SFR(radio,n-knot)=5.8 M yr" 1 . 
This is much higher than the FUV implied SFR i.e. 
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SFR(FUV)=0.2 M yr" 1 . This difference can be accounted 
for by extinction if most of the dust lies in front of the emit- 
ting area. The radio emission can not be associated with 
free-free emission from young O-stars as this would require 
far too many of such stars. 



6.3 Dust and gas mass estimates from Ay 

Under the assumption of MW type dust, case B recombi- 
nation and that the dust is optically thin everywhere we 
can derive rough gas and dust mass estimates from the 
amount of visual Ay extinction. In the diffuse interstel- 
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lar m edium of the Milky Way (Bohlin, Savage & Drake 
1978} find N(H)/A v =1.9x 10 21 atoms cm"' mag" 1 where 
N(H)=N(HI+H 2 ) is the number of nucleons. 

We find Av,bcg=1-3 for Av,bcg=1-6 over the central 
10x10 kpc 2 regions in A2597 and A2204 respectively. In- 
tegrating N(H) over this region and multiplying by two to 
account for the dust on the far side of the galaxy we find 
M(H,A2597)=4.0xl0 9 M and M(H,A2204)=4.8x 10 9 M . 
Our total gas mass estimates for the central region of A2597 
are about an order of magnitude higher than the atomic 



gas mass estimated by O'Dea et al. (1994) for this region 



Edge (2001) indeed find a much higher molecular gas mass 
(M(H 2 ,A2597)-10 10 M ), but the lower spatial resolution of 
this measurement means that it probes a much larger region 
and makes it difficult to compare it to the other measure- 
ments above. All these gas mass estimates suffer from sys- 
tematic uncertainties and further observational constraints 
are necessary to refine them. There are no cold gas mass 
measurements published for A2204. 

show that the global 
is similar to the 
This would 

M(dust,A2597)=1.4xl0 7 M and 
M . For A2597 this dust mass 



Edge et al. (2010) 



ratio for BCGs 
i.e. M(H)/M(dust) = 140. 



gas to dust 
MW average 
imply that 
M(dust,A2204)=1.7xl0 7 
estimate is in good agreement with the value deduced from 
far- infrared emission by |Edge et al.| ( |2010| . If the dust is 
optically thick in some places in the BCG then the above 
calculated masses are lower limits for the true gas and dust 
masses. There are no dust mass measurements published 
for A2204. 

If we assume constant star formation at a rate of 
10 1 " 2 M yr" 1 then the gas masses calculated by us above 
imply a gas depletion time of about 10 7 " 8 yr. The (residual) 
mass deposition rates allowed for by X-ray spectroscopy is 
similar to the range in star formation rates observed here 
and may thus be able to sustain star formation over longer 
time scales (e.g. Peterson &; Fabian|2006 Peres et al.|1 998). 



7 EXCESS FUV/U: NON-STELLAR ORIGIN ? 

In the previous sections we have showed that young, hot 
stars can explain the observations, but only if the dust con- 
tent and nebular continuum emission is low enough. Espe- 
cially in A2597 it is difficult, but not impossible, to recon- 
cile the observed FUV^/U^ ratio with stars alone. Below we 
show that the common non-stellar processes that are known 
to take place in cool-core clusters can not provide an alter- 
native explanation for the observations. Stars thus remain 
as the only evident option. 



Using models by Nagao et al. (2001) we have investigated 



the FUVzy/Uz, ratio for AGN emission. These models corre- 
spond to F u rsj Z7 -0 - 5 in FUV- Optical wavelength range. This 
means that this model predicts a FUV^/U^ ratio which is 
always less than unity. Adding the additional blackbody, 
infrared and X-ray terms in equation (2) by Nagao et al. 
(2001) does not change this. We thus conclude that the ob- 
served F\JV u ,exc/Uu,exc ratio in A2597 and A2204 can not 
be explained by an AGN. 



7.2 Non-thermal processes 

A significant contribution to the U band excess light by syn- 
chrotron emission and/or scattering of light by dust or hot 



electrons is ruled out by McNamara et al.| ( 1999 ) using U 



band polarisation studies. Since the FUV and U excess light 
trace each other well we conclude that neither synchrotron 
emission nor scattering contributes significantly to the ex- 
cess FUV and U emission. 

Bremsstrahlung is also ruled out because under opti- 
cally thin conditions it produces a spectrum that is flat or 
decreases slowly in flux with increasing frequency in the 
FUV to optical wavelength range. Only in optically thick 
conditions can bremsstrahlung produce a spectrum that in- 
creases with frequency. In this case the emergent intensity 
will obey the Ray leigh- Jeans limit of the Planck black body 
function i.e. F u oc v 2 . However, this can also be ruled out as 
the integrated bremsstrahlung flux measured with ROSAT 
(0.1-2.4 keV) for A2597 and A2204 is an order o f magni- 
tude below the measured FUV fluxes here ( |Brinkmann et 
aT^[l^[EbeTmi|[T998l ). 



8 DISCUSSION 

Below we will shortly discuss our results. In the first two 
sections we will compare our results to two previous investi- 
gations into the FUV to optical excess emission in cool-core 
BCGs. In the third section we discuss the extinction law 
and in the final section we compare the results for A2597 
and A2204. 



8.1 Crawford & Fabian 1993 

First we will discuss the CF93 results. They use measure- 
ments from the International Ultraviolet Explorer (IUE) and 
combine it with optical spectroscopy to study the excess 
emission from 1300-5000 A in 4 BCGs. Their spectral cover- 
age of the blue emission in BCGs is wider and better sampled 
than our investigation. However, they do not have spatial in- 
formation, being limited by the 10x20 arcsec 2 IUE aperture. 
Their analysis is similar to ours in that dust, the old stellar 
population and line emission is taken into account. For the 
dust correction they use the Seaton (19791 average MW ex- 



tinction curve, which is similar to the C89 curve used by us 
(see Fig. 4 in C89). Their correction for the old stellar pop- 
ulation is based on a template model derived from optical 
spectroscopy of the Abell 4059 BCG and extending it into 
the UV. 

Their main result is that they find that the excess blue 
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emission in BCGs, even if they allow for reddening by dust, 
can be explained with star formation dominated by B5 stars 
i.e. — 15000 K. Their results are based on the Kurucz 1979 
stellar models which are identical to the Kurucz 1993 models 
used by us. 

Considering an aperture with 7 arcsec radius centered 
on the A2597 BCG we compute the FUV u ,tot/Uu,tot ra- 
tio from our data and correct it only for foreground MW 
dust. We then find FUV u ,tot /U u , tot ^0.7. This corresponds 
to a K93 stellar model temperature of 14000 K. This means 
that at low dust extinction we are in reasonable agreement 
with the CF93 result for A2597. However, our results are 
no longer consistent with CF93 after correcting for the dust 
intrinsic to the BCG and the emission contributed by old 
stars. There are a number of reasons for this difference. 

First CF93 assume an extinction of Av,bcg=0.3 based 
on Lya /Ha results by |Hu| ( p-992| . We use Av,bcg=1-3 based 
on optical spectroscopy of the Balmer decrements. An addi- 
tional magnitude of intrinsic extinction at visual wavelength 
as shown above has dramatic effects on the FUV/U ratio. 
We will discuss the extinction law in more detail below. The 
second important difference concerns the ratio of excess to 
total emission in the U-band. CF93 find that this ratio is 
0.55 at 3500 A, whereas we find that this ratio is 0.17 in 
the U-band (3600 A). This is a large difference and means 
that either; (i) the old stellar population in A2597 differs sig- 
nificantly from the old stellar population template used by 
CF93, or (ii) there is significant excess emission contributing 
to the total light in our V-band observations. 

To test the second option we have also computed the 
FXJV u ,exc/Uv,exc ratio by using the R and I band data, which 
should contain less excess emission as compared to the V- 
band. Contamination due to line emission was set to 12 per- 
cent and 7 per-cent for the R and I band respectively. In 
these numbers we have included contamination due to the 
SII 6716 A and 6731 A lines that were not included in our 
spectra, but were measured by Voit &; Donahue| (p.997 ). We 
find no significant difference in the FUV^/Uu ratio when 
either the V, R or I band is used to remove the old stellar 
population, see Fig. |18| We thus conclude the old stellar 
population in A2597 is different from the template used by 
CF93. 

A further uncertainty in the CF93 work concerns the 
large aperture mismatch between their optical and UV data 
which requires them to invoke large, uncertain, scaling fac- 
tors that can affect their results. We also note that their 
1600 A FUV value for A2597 is about 25 per-cent larger 
than predicted by their B5 model value. The CF93 FUV 
1600 A value would thus allows for higher stellar temper- 
atures than B5 as indicated by our result. Taking into ac- 
count the differences due the dust, old stellar population 
model and their FUV 1600 A flux value then our results are 
in rough agreement with CF93. 

CF93 discuss that the blue excess emission can be equiv- 
alently well described by a power- law F u — v a with a=[- 
0.5:0.5]. As noted by CF93 this is no surprise because hot 
stars can be approximated by a power law with this slope 
in the FUV-optical regime. McNamara & O'Connelll (11993) 



there is no detailed correlation between the radio and the 
FUV for A2597. In Sections[7J]and[7[2]we already discussed 
that the AGN and non-thermal processes can be ruled out 
for our observations of blue excess emission in A2597. Stars 
thus remain as the most plausible option. 



8.2 Hicks et al. 2010 



|Hicks et aL| ( |2010] ) (hereafter H10) recently presented a BCG 
sample observed with GALEX in the FUV (-1500 A) and 
the NUV (-2500 A). In their Table 2 they give FUV and 
NUV photometry for 16 BCGs within 7 arcsec radial aper- 
tures centered on the BCG nuclei. These numbers have been 
corrected for foreground MW extinction but not for the dust 
intrinsic to the BCG or for emission due to the old stellar 
population. These apertures correspond on average to the 
central —10 kpc of the BCG which is similar to the area 
investigated by us. 

We have computed the temperature corresponding to 
tabulated FUV u , tot /NUV u , tot ratio in H10 in the same way 
as done above for our FUV^/Ui, ratios using the K93 stellar 
models. The results are given in Table [9] Contamination of 
the FUV band by Lya emission for systems with z>0.1 has 
not been taken into account and if present would lead to an 
overestimate of the stellar temperature estimated by us. 

The Lya line is not a problem for A2597 and the H10 
FUV u , tot /^UV U , tot ratio implies a K93 stellar temperature 
14000 K. This value, being uncorrected for intrinsic dust 
and the old stellar population, is in good agreement with 
our results and the results by CF93, see Section [8. 1| 

H10 also perform a correction for emission contributed 
by the old stellar population. This correction is based on the 
average UV-J band colors measured for a control sample of 
elliptical galaxies measured in the same bands with GALEX. 
The corrected FUV, NUV excess emission is tabulated in 
their table 7. Interestingly the excess FUV u ,exc/^UV u ,exc 
ratios do not increase significantly with respect their corre- 
sponding total FUVi^tot/NUV^tot ratios for most BCGs in 
their sample, including A2597. 

We do find a significant increase in the FUV v ,exc/U u , e xc 
ratio as compared to the FUV^, tot /U u ,tot ratio which ap- 
pears to be in disagreement with H10 result for this partic- 
ular system. We believe that our results are correct because 
(i) we obtain the correction for the old stellar population 
from the BCG itself and (ii) the correction does not depend 
on which band (V, R or I) is used, see Section 8.1 and Fig. 



showed evidence for the blue excess emission to be corre- 
lated with the AGN radio lobes in two objects a.o. A2597. 
From our higher resolution data we find that although the 
FUV emission is roughly extended along the radio axis, that 



|18| This would indicate that the old stellar population in 
A2597 differs from the template used in H10. The average 
old star correction performed by H10 is uncertain for indi- 
vidual systems because the UV-J colors of BCGs have a sig- 
nificant scatter, particularly in the FUV band (priv. comm. 
A. Hicks, M. Donahue). 



8.3 The extinction law in BCGs 

An average MW type extinction law certainly does not apply 
to all galaxies. Detailed observations of (i) different sight- 
lines within the Milky Way, (ii) local group galaxies and 
(iii) luminous infrared galaxies show significant variations 
in the extinction law (e.g. C89; Calzetti et al.|2000| . This is 
particularly true for emission in the UV regime. Currently 
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we do not know what the detailed shape of the extinction 
law in BCGs is. This lack of information is the most severe 
limitation in interpreting the FUV-optical excess emission 
presented here. However, even without knowing the exact 
shape of the extinction law we have obtained interesting 
limits on the origin of this emission in the previous sections. 
In this section we will discuss the information that we have 
on the extinction law in BCGs in a bit more detail. 

In this work we have used deep, optical ^3500-7500 A 
long-slit spectroscopy to determine the amount of extinction 
and the shape of the extinction law from the Balmer decre- 
ments. The reason for using this data set is because of the 
large wavelength coverage and thus being able to measure 
the Balmer ratios under the same observing conditions and 
within the same slit observation. We have shown that these 
ratios can be described by an average MW type extinction 
law such as described by C89, with an Ay ~l-2, for A2597 
and A2204. 

The Balmer lines are optically thin and thus we do not 
know how much of the dust implied by these lines is in front 
of our line of sight to the FUV and U emitting regions. Star 
formation is usually accompanied by dust. Thus if young 
stars are responsible for the observed excess emission then 
a significant amount of the total extinction should be as- 
sociated with these stars, see also the discussion in Section 
1531 

Including MW type dust in our analysis of the excess 
emission in these BCGs has profound affects on the nature 
of this emission. If at least half of the dust is in front of the 
emitting regions, then stellar temperatures above 50000 K 
are required to explain the observed excess emission in the 
central 20 kpc regions of A2597 and A2204. Such high tem- 
peratures can not be accounted for by normal O-stars. It is 
unlikely that exotic, hotter stars such as Wolf-Rayet stars 
are present in sufficient amounts to dominate the observed 
excess emission over such large areas. White dwarfs are an 
option but these will be distributed in the same way as the 
old stellar population and as such should not contribute to 
the excess emission. 

Measurements of the Ly a to Ha ratio appear to con- 
tradict the dust properties inferred from the optical Balmer 
ratios. [Hu|([l992t andjO'Dea eTaL]([2004| find Ly a/Ha -6 



for A2597. A simple calculation for A2597 based on eq. 7.4 
and the standard R=3.1 MW extinction law tabulated in 
Table 7.1 in |Osterbrock fe Ferland] ( |2006| ) shows that this 
can not be in agreement with our optical Balmer results. 
Invoking our measured value of Ha/H/3=4.5 in A2597 and 
assuming that the un-extincted value of this ratio is 2.87 
we find that the constant c in eq. 7.4 is 0.56. Applying this 
value of c and the R=3.1 MW extinction law to the dust- 
free Ly a/Ha ^13 ratio |Ferland &; Osterbrock (1986) we 



find that the measured value of this ratio in A2597 should 
be 0.4. This strongly disagrees with the measurements by 
O'Dea et aL](|2004|), which by itself would imply c^0.125 for 



a R=3.1 MW extinction law. 

The C89 extinction law used in the work above corre- 
sponds to the standard R=3.1 MW extinction law. It would 
seem that applying this extinction law in the manner de- 
scribed above overestimates the Ly a /Ha ratio by a factor 
15. However, there are a number of possible explanations for 
this discrepancy. 

It is possible that there is a selection effect in that the 



observed Ly a emission is weighted towards regions of lower 
extinction. We have discussed a similar case of this selection 
effect, involving the FUV emission and the Balmer lines, in 
Section 



5.5 



The same arguments apply here, (i) our optical 
spectroscopy does not show evidence for inhomogeneous ex- 
tinction, and (ii) there is a good correlation between Ly a 
and Ha emission (O'Dea et al. 2004|. This indicates to us 



that both come from the same regions and are subject to 
the same extinction. 

Another option to explain the observed Ly a /Ha ratio is 
that the shape of the extinction curve for the dust intrinsic 
to the BCG is different from the average MW curve. We 
experimented with a much flatter R=5.5 extinction curve, 
such as observed along the line of sight towards Orion nebula 
(e.g. jOsterbrock fe Ferland||2006| ). This curve, with c^0.56, 
is able to explain the observed Ly a /Ha ratio and also gives 
a reasonable fit for all Balmer ratios except Ha/H/3 which 
would have to be 3.9 instead of the measured 4.5. 

The standard R=3.1 MW type extinction law, with 
c=0.56 i.e. assuming all dust is in front of the emitting 
regions, implies that the extinction in the FUV(1600 A) 
band is a factor 4 and 10 higher than in the U(3600 A) and 
Ha(6563 A) bands respectively. However, a R=5.5 extinc- 
tion law with the same amount of extinction (i.e. c=0.56) 
would imply that the extinction for the FUV(1600 A) and 
U(3600 A) bands are practically the same and that the 
FUV(1600 A) would be a factor 2 more extincted than the 
Ha emission. Lowering the relative extinction between the 
FUV and U band also means that it is possible to reconcile 
the observed excess emission with normal stars and that the 
range in allowed star formation rates decreases. 

Finally it is well known that stars alone are not able 
to explain all the details of the emission spectra observed 
from BCGs in cool-core clusters (e.g. |Voit &; Donahue|1997 



Jaffe et al. 2005). In particular the strong neutral atomic 



lines (e.g. OI 6300 A) in combination with the weak high 
excitation lines (e.g. OIII 5007 A) are a problem (Oonk et al. 
in prep.). A strong source of heating with modest ionisation 
is required, but the details of this process are currently not 
understood. Lyman and Balmer line ratios are known to 
be affected by non-stellar heating processes such as strong 
shocks and AGN |Osterbrock fe Ferland |[2006| ) . Our BCGs 
are not dominated by either of these processes. Alternative 
non-thermal models such low velocity shocks and/or heating 
by energetic particles have been proposed and may play a 



role( |Fabian et al.||2006] |Ferland et al.||2009) . It is possible 
that these processes could also influences the line ratios, but 
this requires further investigation in the future. 

A detailed investigation taking into account both the 
continuum and line emission over a broad wavelength regime 
is needed to investigate the shape of the extinction curve in 
BCGs and to clarify which of the above explanations for the 
Lyman and Balmer lines is appropriate. Such an investiga- 
tion is beyond the scope of this paper. 

8.4 A2597 versus A2204 

The BCGs in A2597 and A2204 are in many ways typical for 
the class of nearby (z~0.1) BCGs in massive cool-core clus- 
ters. They have blue FUV-optical colors, strong optical line 
emission and balmer decrements implying significant dust 
obscuration. The peak fluxes of the emission processes dis- 
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cussed here, i.e. X-ray, FUV, optical and radio emission, all 
agree and line up with the BCG nucleus. In both A2597 and 
A2204 the FUV morphology consists of a clumpy, filamen- 
tary part and a more diffuse part. Each of these accounts for 
about half of the total FUV flux. The FUV morphology for 
A2597 differs from A2204 in that A2597 has a more spiral- 
like filamentary structure as opposed to the more radially 
extending filaments in A2204. 

The total FUV to U emission ratio, i.e. prior to any 
corrections for emission contributed by old stars, peaks in 
FUV bright clumps and is indicative of very young star for- 
mation. Correcting for emission contributed to the U-band 
by old stars shows that the old stellar component in A2597 
is responsible for a larger part of the total U-band emission 
than is the case in A2204. In neither object does the old 
stellar population contribute significantly to the total FUV 
emission. Excess FUV and U-band emission is defined by 
correcting the total observed emission for the emission due 
to the underlying older stellar population. In both cases the 
location of the maximum amount of excess FUV and U-band 
emission corresponds with the BCG nucleus. 

The excess FUV to U emission ratio is found to be sig- 
nificantly higher in A2597 than in A2204. It also has less 
spatial sub-structure in A2597 as compared to A2204. The 
maximum ratio of the excess FUV to U emission is found to 
be located in off-nuclear regions in both objects. In A2204 
this ratio peaks in the bright knots north and north-west of 
the nucleus. In A2597 this ratio is high across most of the 
central region with small increases to the south and south- 
east of the nucleus. 

Interpreteting the excess FUV to U ratio in terms of 
main-sequence stars, taking into account only Milky Way 
foreground extinction, we find that we require stellar tem- 
peratures up to 40000 K for the bright knots in A2204 and 
up to the 50000 K for the central region in A2597. Cor- 
recting for emission contributed by the nebular continuum 
and/or additional extinction by dust intrinsic to the BCG 
means that the regions with highest ratio of excess FUV to U 
emission can no longer be explained by normal stars. Con- 
tributions from non-thermal processes that have not been 
treated in this work should be investigated. 



9 CONCLUSION 

Using new, deep FUV imaging with HST and optical imag- 
ing and spectroscopy with FORS on the VLT we present the 
first two dimensional analysis of the FUV-optical colors at 
1 arcsec spatial resolution in the A2597 and A2204 BCGs. 

• We have mapped the FUV continuum emission 
with HST ACS/SBC in the F150LP (1612 A) filter in 
30x30 arcsec 2 regions centered on the BCGs in A2597 
and A2204. The FUV continuum emission is distributed in 
clumpy, filamentary structures and is observed out to 20 kpc 
from the BCG nuclei. 

• The total FUV to U-band emission ratio shows that the 
A2597 and A2204 BCG have blue cores typical of BCGs in 
cool-core clusters. 

• The excess FUV and U emission, obtained by removing 
emission due to the old stellar population, is mapped at 
1 arcsec resolution throughout the central ^20 kpc regions 



of the BCGs. The FUV and U excesses are shown to trace 
each other well on kpc-scales. 

• Taking only Milky Way foreground extinction into ac- 
count the excess FUV to U band emission ratio ranges be- 
tween 0.6-3.0 in A2597 and 0.7-1.8 A2204 respectively. Inter- 
preting this in terms of K93 main-sequence stellar models we 
find that stellar temperatures between 10000 K and 50000 K 
in A2597 and 15000 K and 40000 K in A2204 are required 
to explain the observations. 

• Most of the central 20 kpc regions in A2597 and A2204 
have an excess FUV to U band ratio greater than 1. This 
implies that the AGN and non-thermal emission processes, 
such as synchrotron emission or bremsstrahlung can not ac- 
count for the observations. 

• The morphology of the excess FUV and U band emis- 
sion, as well the polarisation limits deduced for A2597 by 



McNamara et al. (1999}, rule out scattering of light com- 



ing from the AGN. Stars thus remain as the most plausible 
explanation for the observed excess emission. 

• Spectroscopy shows that the FUV and U-band emission 
observed by us for A2597 is not contaminated by line emis- 
sion. Recent claims of significant CIV 1549 A line emission 
in M87 are investigated and found not to be necessary in 
order to explain the observations. By extension of these re- 
sults we believe that our FUV and U-band observations of 
A2204 are also free from line emission. 

• Nebular continuum emission can account for up to 10 
per-cent of the excess FUV flux and up to 40 per-cent of the 
U flux in A2597 and A2204. Correcting for the maximum 
amount of allowed nebular continuum means that most of 
the central 20 kpc excess emission in A2597 and the brightest 
excess knots in A2204 can no longer be explained by stars. 

• Optical Balmer line ratios indicate an average Milky 
Way extinction law with Ay =1.3 for A2597 and Ay = 1.6 
for A2204. Extending the extinction law to the FUV regime 
means that the observed FUV^eccc/U^exc ratio in the cen- 
tral 20 kpc regions of A2597 and A2204 can no longer be 
explained by K93 stellar models, if half or more of this dust 
is in front of the excess regions. 

• The FUV continuum emission matches the morphology 
of the extended Ha nebula in A2597 and A2204 on large 
scales. If the FUV emission is attributed to hot O-stars then 
these stars are able to account for the observed Ha emission 
in both systems. For A2597 this is in agreement with earlier 
results by flO'Dea et al.|2004 ). 

• The minimum star formation rate deduced from the 
FUV continuum is 3.5 M yr -1 for A2597 and 10.2 M yr -1 
for A2204. The maximum star formation rate depends 
strongly on the unknown dust distribution and extinction 
law. 

• Assuming optically thin dust with Milky Way prop- 
erties we estimate the gas and dust masses of the BCGs 
based on their measured Ay. We find M gas ~10 9 M and 
Mdust °°10 7 Mq for the central 10x10 kpc 2 regions in both 
A2597 and A2204. 



This investigation shows that under special conditions 
on the nebular continuum emission and the dust obscuration 
it is possible to reconcile the FUV to optical colors with 
a stellar origin. The conditions are especially stringent for 
A2597 and in this regard contributions from non-thermal 
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processes not treated here should be investigated in more 
detail. 

A more detailed investigation of the possible stellar ori- 
gin for the individual knots observed at the intrinsic spatial 
resolution of HST requires further imaging with HST in line- 
free bands. Also careful investigation into the dust properties 
and the shape of the extinction law will need to be carried 
out in order to resolve the uncertainties in determining the 
exact nature of the FUV to optical excess emission in BCGs. 

We note with interest that detailed observations of the 
morphology of the FUV continuum, the excess FUV to U 
band ratio as well as the properties of the cool T<10 4 K gas 
in BCGs, do not imply a strong interaction with the central 
AGN or its outflows on scales larger than the central few 



kpc (e.g. 


Pipino et al.||2009| 


al.|2009 


Oonk et al.|2010 





scenario may be more appropriate to explain the extended 
30 kpc-scale star formation, cool gas and dust properties in 
these objects. 

If the origin of the cool gas at the centres of BCGs 
is the (residual) cooling of the hot ICM then the interac- 
tion between this hot gas and the AGN outflows, thought to 
regulate the cooling process of this hot phase, may still be 
indirectly responsible for the observations at lower temper- 
atures. 



ACKNOWLEDGEMENTS 

JBRO wishes to thank J. Brinchmann, B. A. Groves, G. R. 
Tremblay and C. P. O'Dea for useful discussions. NAH ac- 
knowledges support from STFC, and the University of Not- 
tingham through the Anne McLaren Fellowship. 

This research has made use of NASA's Astrophysics 
Data System. The FORS observations were taken at the 
Very Large Telescope (VLT) facility of the European South- 
ern Observatory (ESO) as part of projects 69.A-0444, 67.A- 
0597 and 63.N-0485. The ACS/SBC observations were taken 
as part of project 11131 with the NASA/ESA Hubble Space 
Telescope which is operated by AURA, Inc., under NASA 
contract NAS 5-26555. 

The National Radio Astronomy Observatory is a fa- 
cility of the National Science Foundation operated under 
cooperative agreement by Associated Universities, Inc. The 
Chandra X-ray Observatory Center, which is operated by 
the Smithsonian Astrophysical Observatory on behalf of the 
National Aeronautics and Space Administration under con- 
tract NAS 8-03060. 



REFERENCES 

Baars J. W. M., Genzel R., Pauliny-Toth I. I. K., Witzel 

A., A&A, 1977, 61, 99 
Beckman J. E., Zurita A, Rozas M., 2001, ApSSS, 277, 397 
Bell E. F., Kennicutt R. C. Jr, ApJ, 548, 681 
Bildfell O, Hoekstra H., Babul A., Mahdavi A., 2008, MN- 

RAS, 389 ,1637 
Birzan L., McNamara B. R., Nulsen P. E. J., Carilli C. L., 

Wise M. W., 2008, ApJ, 686, 859 
Bohlin R. O, Savage B. D., Drake J. F., 1978, ApJ, 224, 

132 



Bolzonella M., Miralles J.-M., Pello R., 2000, A&A, 363, 
476 

Brinkmann W., Siebert J., Boiler Th., 1994, A&A, 288, 433 
Bruhweiler F. O, Miskey C. L., Smith Neubig M., 2003, 

AJ, 125, 3082 
Bruzual A.G., Chariot S., 2003, MNRAS, 344, 1000 
Calzetti D, Armus L., Bohlin R. O, Kinney A. L., Koorn- 

neef Jan, Storchi-Bergmann T., 2000, ApJ, 533, 682 
Cardelli J. A., Clayton G. O, Mathis J. S., 1989, ApJ, 345, 

245 

Clarke T. E.., Sarazin C. L., Blanton E. L., Neumann D. 

M., Kassim N. E., 2005, ApJ, 625, 748 
Condon J. J., Anderson M. L., Helou G., 1991, ApJ, 376, 

95 

Crawford C. S., Fabian A. O, 1993, MNRAS, 265, 431 

Crawford C. S., Allen S. W., Ebeling H., Edge A. O, Fabian 
A. O, 1999, MNRAS, 306, 857 

Donahue M., Mack J., Voit G. M., Sparks W., Elston R., 
Maloney P. R., 2000, ApJ, 545, 670 

Donahue M., Jordan A., Baum S. A., Cote P., Ferrarese L., 
Goudfrooij P., Macchetto D., Malhotra S., O'Dea C. P., 
Pringle J. E., Rhoads J. E., Sparks W. B., Voit, G. M., 
2007, ApJ, 670, 231 

Donahue M., Bruch S., Wang E., Voit G. M., Hicks A. K., 
Haarsma D. B., Croston J. H., Pratt G. W., Pierini D., 
O'Connell R. W., Bohringer H., ApJ, 715, 881 

Ebeling H., Edge A. O, Bohringer H., Allen S. W., Craw- 
ford C. S., Fabian A. O, Voges W., Huchra J. P., 1998, 
MNRAS, 301, 881 

Edge A. O, 2001, MNRAS, 328, 762 

Edge A. O, Wilman R. J., Johnstone R. M., Crawford C. 
S., Fabian A. O, Allen S. W., 2002, et al., MNRAS, 337, 
49 

Edge A. O, Oonk J. B. R., Mittal R., Allen S. W., Baum S. 
A., Bohringer H., Bregman J. N., Bremer M. N., Combes 
F., Crawford C. S., Donahue M., Egami E., Fabian A. 
O, Ferland G. J., Hamer S. L., Hatch N. A., Jaffe W., 
Johnstone R. M., McNamara B. R., O'Dea C. P., Popesso 
P., Quillen A. O, Salome P., Sarazin C. L., Voit G. M., 
Wilman R. J., Wise M. W., 2010, A&A, 518, 47 

Fabian A. O, Nulsen P. E. J., Stewart G. O, Ku W. H. 
M., Malin D. F., Mushotzky R. F., 1981, MNRAS, 196, 
35 

Fabian A. O, Sanders J. S., Taylor G. B., Allen S. W., 
Crawford C. S., Johnstone R. M., Iwasawa K., 2006, MN- 
RAS, 366, 417 

Fabian A. O, Johnstone R. M., Sanders J. S., Conselice 
C. J., Crawford C. S., Gallagher J. S., Zweibel E., 2008, 
Nat., 454, 968 

Ferland G. J., Osterbrock D. E., 1986, ApJ, 300, 658 

Ferland G. J., Fabian A. O, Hatch N. A., Johnstone R. M., 
Porter R. L., van Hoof P. A. M., Williams R. J. R., 2009, 
MNRAS, 392, 1475 

Hatch N. A., Crawford OS., Fabian A. O, Johnstone R. 
M., 2005, MNRAS, 358, 765 

Heckman T. M., Baum S. A., van Breugel W. J., McCarthy 
P., 1989, ApJ, 338, 48 

Howarth I. D., Murray J., Mills D., Berry D. S., 2004, Star- 
link User Note 50.24, Council for the Central Laboratory 
of the Research Councils 

Hicks A. K., Mushotzky R., Donahue M., 2010, ApJ, 719, 
1844 



16 J. B. R. Oonk, N. A. Hatch, W. Jaffe, M. N. Bremer, R. J. van weeren 



Hu E. M., 1992, ApJ, 391, 608 

Irwin J. A., Stil J. M., Bridges T. J., 2001, MNRAS, 328, 
359 

Jaffe W., Bremer M.N., 1997, MNRAS, 284, 1 
Jaffe W., Bremer M.N., van der Werf P.P., 2001, MNRAS, 
324, 443 

Jaffe W., Bremer M.N., Baker K., 2005, MNRAS, 360, 748 
Johnstone R. M., Fabian A. C, 1988, MNRAS, 233, 581 
Johnstone R. M., Hatch N. A., Ferland G. J., Fabian A. C, 
Crawford C. S., Wilman R. J., 2007, MNRAS, 382, 1246 
Koekemoer A. M., O'Dea C. P., Sarazin C. L., McNamara 

B. R., Donahue M., Voit G. M., Baum S. A., Gallimore 
J. F, 1999, ApJ, 525, 621 

Kurucz R. L., 1993, VizieR On-line Data Catalog: VI/39 

(Originally published in: 1979, ApJS, 40, 1) 
Mack J., Gilliland R., van der Marel R., Bohlin R., 2005, 
Instrument Science Report ACS 2005-13, The Association 
of Universities for Research in astronomy 
McNamara B. R., O'Connell R. W., 1992, ApJ, 393, 579 
McNamara B. R., O'Connell R. W., 1993, AJ, 105, 417 
McNamara B. R., Jannuzi B. T., Sarazin C. L., Elston R., 
Wise M., 1999, ApJ, 518, 167 
McNamara B. R., Wise M. W., Nulsen P. E. J., David L. P., 
Carilli C. L., Sarazin C. L., O'Dea C. P., Houck J., Don- 
ahue M., Baum S., Voit M., O'Connell R. W., Koekemoer 
A, 2001, ApJ, 562, 149 
Nagao T., Murayama T., Taniguchi Y., 2001, ApJ, 546, 744 
O'Dea C. P., Baum S. A., Gallimore J. F., 1994, ApJ, 436, 
669 

O'Dea C. P., Baum S. A., Mack J., Koekemoer A. M., Laor 

A., 2004, ApJ, 612, 131 
O'Dea C. P., Baum S. A., Privon G., Noel-Storr J., Quillen 

A. C, Zufelt N., Park, J., Edge A., Russell H., Fabian A, 

C, Donahue M., Sarazin C. L., McNamara B., Bregman 
J. N., Egami E., 2008, ApJ, 681, 1035 

O'Dea K. P., Quillen A. C, O'Dea C. P., Tremblay G. R., 
Snios B. T., Baum S. A., Christiansen K., Noel-Storr J., 
Edge A. C, Donahue M., Voit G. M., 2010, ApJ, 719,1619 

Oonk J. B. R., Jaffe W., Bremer M. N., Hatch N., 2010, 
IAUS, 267, 463 

Oonk J. B. R., Jaffe W., Bremer M. N., van Weeren R. J., 
2010, MNNRAS, 405, 898 

Osterbrock D. E., Ferland G. J., 2006, Astrophysics of 
Gaseous Nebulae and Active Galactic Nuclei, University 
Science Books. 

Peres C. B., Fabian A. C, Edge A. C, Allen S. W., John- 
stone R. M., White D. A., 1998, MNRAS, 298, 416 

Perley, R. T., Taylor, G. B. 1999, VLA Calibrator Manual, 
Tech. Rep., NRAO 

Peterson J. R., Fabian A. C, 2006, PhR, 427, 1 

Pimbblet K. A., Smail I, Edge A. C, O'Hely E., Couch W. 
J., Zabludoff A. I., 2006, MNRAS 366, 645 

Pipino A., Kaviraj S., Bildfell C, Babul A., Hoekstra H., 
Silk J., 2009, MNRAS 395, 462 

Salome P., Combes F., 2003, A&A, 412, 657 

Sanders J. S., Fabian A. C, Taylor G. B., 2009, MNRAS, 
393, 71 

Sarazin C. L., Burns J. O., Roettiger K., McNamara B., 

1995, ApJ, 447, 559 
Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500, 

525 

Seaton M. J., 1979, MNRAS, 187, 73 



Sparks W. B., Pringle J. E., Donahue M., Carswell R., Voit 
M., Cracraft M., Martin R. G., 2009, ApJ, 704, 20 



Taylor G. B., O'Dea C. P., Peck A. B., Koekemoer A. M., 
1999, ApJ, 512, 27 



Tremonti C, Ph.D. thesis, 2003, John Hopkins University. 



Vacca W. D., Garmany C. D., Shull J. M., 1996, ApJ, 460, 
914 



Voit G. M., Donahue M., 1997, ApJ, 486, 242 



Wilman R. J., Edge A. C, Johnstone R. M., Fabian A. C, 
Allen S. W., Crawford C. S, 2002, MNRAS, 337, 63 



Wilman R. J., Edge A. C, Swinbank A. M., 2006, MNRAS, 
359, 93 



Wilman R. J., Edge A. C, Swinbank A. M., 2009, MNRAS, 
395, 1355 



FUV emission in Abell 2597 and Abell 2204 17 



Date 


Filter 


Exptime 


Zeropoint 


2008-07-21 


F150LP 


8141 


22.4484 


2008-06-23 


F150LP 


5419 a 


22.4484 


2002-06-16 


U_Bessel 


1320 


23.4824±0.0530 


2002-06-16 


B_Bessel 


1080 


26.4815±0.0503 


2001-07-26 


V_Bessel 


330 


27.2367±0.0129 


2001-07-26 


R_Bessel 


330 


27.2484±0.0185 


2001-07-26 


I_Bessel 


330 


26.4829±0.0133 



Table 1. A2597 observations log. Column 1 lists the date of the observation in YYYY-MM-DD. Column 2 lists the filter name. Column 
3 lists the exposure time in units of seconds. Column 4 lists the FORS Bessel system zeropoint in units of magnitudes. The zeropoint is 
based upon the average of at least 3 Landolt standard stars within each observation. The uncertainty in the zeropoint is taken as the 
maximum deviation of these standard stars have with respect to the quoted average zeropoint. The SBC F150LP zeropoint is taken from 
the ACS handbook and given in AB magnitudes. The photometric uncertainty according to the most recent investigation is 2% for the 
F150LP filter (Mack et al. 2005). All observations listed here were taken in photometric observing conditions. 
a this data set is affected by low level background glow and has been dropped from further analysis.) 



Date 


Filter 


Exptime 


Zeropoint 


2008-04-30 


F150LP 


8126 


22.4484 


2008-04-22 


F150LP 


5409 


22.4484 


2002-06-10 


U_Bessel 


1440 


23.5860±0.0197 


2002-06-10 


B_Bessel 


780 


26.5420±0.0627 


2002-06-10 


R_Bessel 


400 


27.1567±0.0329 


2001-04-19 


V_Bessel 


330 


27.2315±0.0158 


2001-04-19 


R_Bessel 


330 


27.2503±0.0218 


2001-04-19 


I_Bessel 


330 


26.5046±0.0087 



Table 2. A2204 observations log. The column headers are the same as in Table ^ 



Filter 


(FORS_AB) CO nv 


U_Bessel 


0.931 


B_Bessel 


-0.042 


V_Bessel 


0.060 


R_Bessel 


0.258 


I_Bessel 


0.458 



Table 3. FORS Bessel to AB magnitude conversion factors. Column 1 lists the filter name. Column 2 lists the FORS Bessel to AB 
conversion factor in units of magnitude. It converts the FORS Bessel magnitudes to AB magnitudes. This conversion factor is calculated 
for FORS Bessel filter curves with the HYPERZ program jBolzonella et al.|2000| ; priv. comm. H. Hildebrandt) 



Name 


U_Bessel B_Bessel 


V_Bessel 


R_Bessel 


I_Bessel 


A2597 


0.185 


0.050 


>0.101 


>0.034 


A2204 


0.253 


0.067 


>0.115 


>0.239 



Table 4. Line contamination of the FORS Bessel images. Column 1 list the target name. Columns 2-6 list the fraction of the total 
emission in the filter which is due to line emission. This line contamination fraction is calculated using the FORS spectra described in 
Section [2. 2. 2| None of the spectral lines probed by our spectra fall in the U filter, see also Fig. [IT] The spectra do not probe the SII lines 
at 6716 A and 6731 A and thus we can only provide a lower limit to the line contamination fraction of the R and I Bessel filters. 



18 J. B. R. Oonk, N. A. Hatch, W. Jaffe, M. N. Bremer, R. J. van weeren 



Name 


Ay,MW 


Ay, BCG 


RS/R/3 


H 7 /H/3 


Ha/H/3 


A2597 


0.1 


1.3 


0.18 (0.19) 


0.37 (0.40) 


4.52 (4.52) 


A2204 


0.3 


1.6 


0.16 (0.15) 


0.34 (0.38) 


5.27 (5.29) 



Table 5. Visual extinction Ay and Balmer decrements. Column 1 lists the target name. Column 2 lists the extinction in the V-band for 
the MW foreground to ( jSchlegel et al.|1998| >. Column 3 lists the extinction in the V-band intrinsic to the BCG. This value is calculated 
by decomposing the Balmer decrements observed in the FORS spectra (Section |2.2.2| ) into two dust components, one related to the BCG 
and one related to the MW foreground. Describing both components by the C89 extinction law allows us to derive Av,BCG- The intrinsic 
dust-free Balmer decrements were set to their stellar case B recombination values i.e. H5/H/5=0.26, H7/H/3=0.47 and Hai/H/3=2.87 
jOsterbrock fc F erland 2006]). Columns 4, 5 and 6 list the reddened Balmer decrement values obtained from this two component dust 
analysis for Ay,MW an d Av,BCG given in columns 2 and 3. The Balmer decrements calculated in this manner agree well with the 
measured decrements from our FORS spectra. The latter are given in the parentheses in columns 4, 5 and 6. 



Name 


FUV„,tot/U„,tot 


F\JV u ,tot/Vv,tot 


F\JV u ,tot/Ru,tot 


FUVv,tot/lu,tot 


A2597-OFF 


0.1564 


0.0153 


0.0102 


0.0068 


A2204-SW 


0.1526 


0.0105 


0.0066 


0.0043 



Table 6. FUV flux ratios for old star regions. Column 1 gives the name of the region, see Section |5.2| Columns 2-5 lists the flux ratios. 
The subscript tot refers to the total flux observed in this region. 



Name U u ,tot/Vv,tot Uu,tot/R>v,tot U u ,tot/Iv,tot 

A2597-OFF 0.0988 0.0654 0.0439 

A2597-COMP 0.0969 0.0664 0.0470 

A2204 SW 0.0706 0.0437 0.0281 

A2204-COMP 0.0710 0.0452 0.0297 

Table 7. U flux ratios for old star regions. The column headers are the same as in Table [6] 



Name F(FUV)^ ot 


F(FUV),, exc 


F(FUV) i , )iV c 


F(U)„,tot 


F(U)^ exc F(XJ) ViNC 


F(Ha)„ 


A2597 12.04 


9.60 


0.57 


21.20 


3.60 1.36 


41.5 


A2204 6.16 


5.20 


0.67 


10.50 


4.00 1.57 


48.5 



Table 8. FUV, U and Ha fluxes. These fluxes are integrated over 18 kpc radial apertures centered on the BCG and given in units 
10 -28 erg s _1 cm -2 Hz -1 . Columns 1-3 give the FUV F150LP fluxes. Columns 4-6 give the U_Bessel fluxes. The subscripts tot, exc and 
NC correspond respectively to t he total flux, the excess flux and the flu x ex pected from the nebular continuum. The latter is calculated 
using the NEBCONT program ( jHowarth et al.|[2004| , see also Section [5.4| Column 7 gives the Ha flux in units 10 -15 erg s _1 cm -2 
( |Jaffe et al.|2005| >. 
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name 


z 


FUV^tot/NUV^tot 


T K93 


A85 


0.0557 


0.60 


10656 


A1204 


0.1706 


1.12 


9^99fi 

ZOZZU 




0.0779 


0.61 


10973 


A 90^9 


0.0345 


0.54 


10000 


A2142 


0.0904 


0.63 


11273 


A2597 


0.0830 


0.85 


13771 


A3112 


0.0761 


0.74 


11858 


HercA 


0.1540 


0.73 


14069 


HydrA 


0.0549 


0.77 


11876 


MKW3s 


0.0453 


0.67 


11083 


MKW4 


0.0196 


0.67 


10870 


MS0839 


0.1980 


0.90 


17951 


MS1358 


0.3272 


0.91 


20747 


MS1455 


0.2578 


1.13 


26313 


RX1347 


0.4500 


0.76 


21622 


Zw3146 


0.2906 


1.33 


37883 



Table 9. |Hicks et al.|(2010|) GALEX BCG sample. Column 1 lists the cluster name for the BCG observed. Column 2 lists the redshift 
as given in Hicks et al. (2010). Column 3 lists the FUV^^ot/NUV^^ot ratio corresponding to the observed 7 arcsec radial apertures and 
have been corrected for foreground MW extinction only. Column 4 lists the K93 stellar temperatures corresponding to the flux ratio 
given in column 3. The z>0.1 BCGs are potentially affected by Lycn emission, see also Section [8^2] 



20 J. B. R. Oonk, N. A. Hatch, W. Jaffe, M. N. Bremer, R. J. van weeren 

A2597 F150LP Central region 



c 

o 



a 



22" h 



24" - 



26" - 



28" - 



30" - 



-12° 07' 32" - 



-i — i — i — i — i — i — i — i — i — i — i — i — i — i — i- 




J_ 



_i i i i_ 



J_ 



23 h 25 m 20.0 s 19.8 s 19.6 s 19.4 s 

Right Ascension 
Center: R.A. 23 25 19.77 Dec -12 07 27.1 
A2597 F150LP smoothed Full Field of View 



c 

"5 

c 

o 



-12 u 07" 40" - 




23 h 25 m 21.0 s 20.5 s 20.0 s 19.5* 19.0 3 
Right Ascension 
Center: RA 23 25 20.05 Dec -12 07 23.3 



Figure 1. ABELL 2597 FUV F150LP emission. (Top) Central bright FUV continuum emission at the intrinsic resolution of HST. 
(Bottom) FUV continuum emission convolved to an output spatial resolution of 1 arcsec FWHM and scaled to enhance the low surface 
brightness structures. The BCG nucleus is at (a;<5)=(23 25 19.719 ; -12 07 26.83) (J2000). 
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Figure 2. ABELL 2597 FUV F150LP overlays. (Top-Left) CHANDRA X-ray contours on top of the FUV emission. (Top-Right) FORS 
U band excess contours on top of FUV emission. (Bottom-Left) VLA 5 GHz contours at [1,4,16,64,256] x 1CT 4 Jy/beam on top of the 
FUV emission. (Bottom- Right) Ha contours from |Jaffe et al.| ( |2005| on top of the convolved FUV emission. The BCG nucleus is indicated 
by the green cross. The region used for background subtraction is indicated by the green rectangle. 
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A2204 F150LP Central region 
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Figure 3. ABELL 2204 FUV F150LP emission. (Top) Central bright FUV continuum emission at the intrinsic resolution of HST. 
(Bottom) FUV continuum emission convolved to an output spatial resolution of 1 arcsec FWHM and scaled to enhance the low surface 
brightness structures. The BCG nucleus is at (a;S) = (16 32 46.938 ; +05 34 32.81) (J2000). 
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Figure 4. ABELL 2204 FUV F150LP overlays. (Top-Left) CHANDRA X-ray contours on top of the FUV emission. (Top-Right) FORS 
U band excess contours on top of FUV emission. (Bottom-Left) VLA 5 GHz contours at [2,4,16,256] x lO" 4 Jy/beam on top of the FUV 
emission. (Bottom- Right) Ha contours from |Jaffe e t al. (2005) on top of the convolved FUV emission. The BCG nucleus is indicated by 
the green cross. The regions used for background subtraction are indicated by the green rectangles. The lensed galaxy north-east of the 
BCG (e.g. |Wilman et al.|2006] > is visible in the U-band but not in the FUV band. 
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Figure 5. FORS UVR 3-color images. ABELL 2597 (Top) and ABELL 2204 (Bottom). The blue squares indicate the old star regions 
where we estimated the FUV/V and U/V ratios. The red squares indicate the nearby cluster ellipticals that were used as comparison 
sample for the U/V ratios determined in the blue squares. The green squares show regions used for determining the background in the 
FUV and optical images. The many distorted, blue galaxies in the A2204 image show that this cluster is a strongly lensing system. 
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Figure 6. A2204 VLA 8 GHz radio continuum emission. Radio contours are given at [0.6,1,2,4,16,256] x 10 4 Jy/beam on top of FUV 
emission. The one sigma map noise is 0.2xl0 -4 Jy/beam. This dataset is significantly deeper than the 5 GHz data presented in Fig.E] 
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Figure 7. Surface brightness profiles for A2597 (Left) and A2204 (Right). (Top-Left) Position of pseudo slits on A2597. The image is 
25 arcsec on a side and the slits drawn are 25 arcsec long and 2 arcsec wide. (Top-Right) Position of pseudo slits on A2204. The image 
and slit sizes are the same as for A2597. The surface brightness profiles are determined along drawn pseudo slits in 2 arcsec steps along 
these slits. The solid black line is FORS V band emission. The dashed black line is the background subtracted F150LP FUV emission. 
The black dot-dash line is Ha emission from |Jaffe eTaT] ( [2005} . The blue solid line is CHANDRA X -ray emission and the red solid 
line is VLA 5 GHz radio emission. (Middle-Left) A2597 pseudo slit along the major axis of the BCG (blue slit). Positive distances are 
north-west of the BCG nucleus. (Middle- Right) A2204 pseudo slit along an axis running east-west through the BCG (blue slit). Positive 
distances are east of the BCG nucleus. (Bottom-Left) A2597 pseudo slit along the minor axis of the BCG (red slit). Positive distances 
are north-east of the BCG nucleus. (Bottom- Right) A2204 pseudo slit along an axis running north-south through the BCG (red slit). 
Positive distances are north of the BCG nucleus. All profiles have been extracted from images convolved to a common spatial resolution 
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Figure 8. The FXJV Ujt ot/Uv,tot ratio and corresponding SSP age for A2597 and A2204. (Top-Left) A2597 observed FUV ^tot/U^tot ■ 
(Top-Right) A2597 SSP age in units of Myr. (Bottom-Left) A2204 observed FUV u,tot/^u, tot- (Bottom- Right) A2204 SSP age in units 
of Myr. In computing the SSP age we have taken extinction due to the MW foreground only into account, see Fig. [9] The SSP age vs 
FUV u ,tot/U u , tot ratio is double valued for ages greater than 640 and 290 Myr in A2597 and A2204 respectively. This is due to the UV 
upturn for a stellar population older than 1 Gyr. For any flux ratios in the range where the corresponding SSP age is double valued we 
have set the SSP age to the youngest age possible in this range. The green crosses indicate the BCG nuclei. The black squares indicate 
the regions where the U/V and FUV/V ratios for the old stellar population have been determined. Red contours show the 5 GHz radio 
continuum emission. The contours levels are the same as in Figs. [2] and ^] 
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Figure 9. The FUV^/U^ ratio as a function of SSP age for |Bruzual fe Chariot | ( |20Q3| ) SSP models. Curves are shown for two redshifts and 
three different amounts of extinction. The dotted and dashed curves correspond to z=0.0821 (A2597) and z=0.1517 (A2204) respectively. 
The blue curves correspond to MW foreground extinction only. The red curves assume that all of the extinction intrinsic to the BCG is 
in front of the FUV and U emitting regions. The green curves assume that only half of the extinction intrinsic to the BCG is in front 
of the FUV and U emitting regions. Dust extinction has been computed using the C89 extinction law for both the MW and the BCG 
component. The model ratios are computed for the HST-ACS/SBC F150LP and VLT-FORS U_Bessel filters. 
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Figure 10. Blackbody (BB) models in the FUV - Optical regime. The dashed lines show the peak transmission wavelengths of the 
U (U_Bessel) and FUV (F150LP) filters. This image illustrates how the FUV flux changes relative to the U flux as we increase the 
temperature for a BB model. The fast change in their relative ratio as a function of temperature shows that it is a good discriminator of 
temperature. We note that the K93 stellar models as function of stellar temperature qualitatively show the same behaviour in the FUV 
to optical regime as the BB models. The FUV to U band ratio is thus a good discriminator for these models too. 
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Figure 11. Line Contamination of the FORS U, B, V, R and I Bessel niters. (Top) Spatially integrated (16x2 arcsec 2 ) spectrum of 
A2597. (Bottom) Spatially integrated (12.5x2 arcsec 2 ) spectrum of A2204. Both spectra are centred on their respective BCG nucleus. 
The dashed and dot-dash curves show the shape of FORS U, B, V, R and I Bessel filters. 
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Figure 12. Excess emission in A2597. (Top-Left) \J u ,tot/Vv,tot ratio. (Top-Right) Excess V> v ,exc band emission after removal of the 
old stellar population. (Bottom-Left) ¥\JV Vz tot/^v,tot ratio. (Bottom- Right) Excess FXJV u , e xc emission after removal of the old stellar 
population. These images have been corrected for background emission and line contamination. The black squares indicate the regions 
where the Uv,tot/Vv,tot and FXJV Uj tot /*Vv, tot ratios for the old stellar population have been determined. 
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Figure 13. Excess emission in A2204: (Top-Left) \J u ,tot/Vv,tot ratio. (Top-Right) Excess U U)eX c emission after removal of the old stellar 
population. (Bottom-Left) F\JV Ui tot/Vv,tot ratio. (Bottom- Right) Excess FUY u ^ exc emission after removal of the old stellar population. 
The images have been corrected for background emission and line contamination. The black squares indicate the regions where the 
*Uv,tot/Vv,tot and FWu, tot /Vv, tot ratios for the old stellar population have been determined. 
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Figure 14. FUV v,exc/^v,exc ratio and K93 stellar temperature maps for A2597. {Top-Left) FUV v,exc/^v,exc ratio. {Top-Right) Uncer- 
tainty in the FUV^exc/U^exc ratio. {Bottom- Left) K93 stellar temperature corresponding to the FUV r v , exc /U v , e xc ratio. {Bottom- Right) 
Uncertainty in K93 derived stellar temperature. Note that in c alculating the K93 stellar temperature shown here we have only taken 
extinction due to the MW foreground into account, see Fig.[l6] The data shown has been re-binned to 0.6x0.6 arcsec 2 pixels. 



FUV emission in Abell 2597 and Abell 2204 33 



A2204 FUV(excess)/U(excess) 



05° 34" 26" 




1 47.4 s 47.2 s 47.0 s 46.8 s 46.6 s 46.4 s 
Right Ascension 
Center: RA 16 32 46.90 Dec +05 34 33.6 
A2204 K93 TEMPERATURE 




16" 32"' 47.4 s 47.2 : 

Center: R.A. 16 32 46.90 



47.0* 46.8- 
Right Ascension 



46.6 s 46.4 s 
Dec +05 34 33.6 



A2204 UNCERTAINTY [FUV(excess)/U(excess)] 



26667 



1 
1 



05° 34" 26" 




16" 32 m 47.4 s 47.2' 



46.6 s 



47.0 5 46.8' 
Right Ascension 
Center: RA 16 32 46.90 Dec +05 34 33.6 
A2204 UNCERTAINTY [K95 TEMPERATURE] 



46.4 s 




16 h 32 m 47.4 s 47.2 s 

Center: RA 16 32 46.90 



47.0 s 46.8- 
Right Ascension 



46.6 s 46.4 s 
Dec +05 34 33.6 



Figure 15. FUV^exc/U^exc ratio and K93 stellar temperature maps for A2204. (Top-Left) FUV v,exc/^v,exc ratio. (Top-Right) Uncer- 
tainty in the F\JY u ^ exc /Uu,exc ratio. (Bottom- Left) K93 stellar temperature corresponding to the FUV r v , exc /U v ,exc ratio. (Bottom- Right) 
Uncertainty in K93 derived stellar temperature. Note that in c alculating the K93 stellar temperature shown here we have only taken 
extinction due to the MW foreground into account, see Fig.[l6] The data shown has been re-binned to 0.6x0.6 arcsec 2 pixels. 
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Figure 16. FXJVv/XJv ratio models for A2597 and A2204. Shown are BB models (top) and K93 stellar models (bottom). Curves are 
given for three redshifts z=0 (solid line), z=0.0821 (dotted line) and z=0.1517 (dashed line). For the latter two redshifts, corresponding 
to A2597 and A2204, we computed this flux ratio for varying amounts of extinction. The black curves refer to a dust-free environment. 
The blue curves correspond to extinction by the MW foreground only. The red curves assume that all of the extinction intrinsic to the 
BCG is in front of the FUV and U emitting regions. The green curves assume that only half of the extinction intrinsic to the BCG is in 
front of the FUV and U emitting regions. Dust extinction has been computed using the C89 extinction law for both the MW and the 
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Figure 17. HST optical imaging. A2597 WFPC2 F702W image (Top). A2204 WFPC2 F606W image (Bottom). These images show 
that the BCGs have a disturbed morphology indicative of dust obscuration. Contamination by line emission also contributes to observed 
structures. 
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Figure 18. Using the R (Left) and I (Right) band images to remove the old stellar population in A2597. (Top-Left) Excess XJ u ,exc 
emission when using the R band image to remove emission from old stars. (Top-Right) Excess V> v ,exc emission when using the I band 
image to remove emission from old stars. (Middle-Left) Excess FUV^exc emission when using the R band image to remove emission 
from old stars. (Middle- Right) Excess FXJV u ,exc emission when using the I band image to remove emission from old stars. (Bottom- Left) 
FUV ' U) exc/^v,exc ratio when the R band image is used to remove the old stellar population. (Bottom- Right) FUV ' v,exc/^v,exc ratio 
when the I band image is used to remove the old stellar population. The bottom images show that the final FUV to U excess ratio does 
not depend on whether the V, R or I band image is used to remove the old stellar population. This shows that neither of these bands 
contains a significant contribution by excess emission and that all three are an adequate representation of the old stellar population. 
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Table Al. A2597 FUV continuum knots as measured in the 
ACS/SBC F150LP filter. Column 1 lists the knot number, see 
Fig. |A1| Column 2 lists the right ascension coordinate. Column 3 
lists the declination coordinate. Column 4 lists the aperture used 
in units of pixels (one pixel has a length of 0.025 arcsec). Column 
5 lists the flux integrated over the aperture in units elec s~ 1 . 



Table A2. A2204 FUV continuum knots as measured in the 
ACS/SBC F150LP filter. The columns headers are the same as 
in Table [All 
a this is a star. 

b this is an elliptical galaxy with a bright FUV point source. 
c this is an elliptical galaxy with diffuse FUV emission. 



APPENDIX A: A2597, A2204 FUV 
CONTINUUM KNOTS. 

The FUV emission in A2597 and A2204 is observed to con- 
sists of two components, a filamentary component and a 
more diffuse component. To estimate the contribution to 
the total FUV flux from each component we assign pixels 
belonging to the filamentary component as those pixels hav- 
ing values at least twice the mean flux calculated within a 5 
arcsec aperture centered on the BCG. We find that the fila- 
mentary component contributes about half of the total FUV 
flux in our objects. This agrees with the FUV observations 
by|0'Dea et al.|(|2010|) for a sample of BCGs. 



Below we have identified knots within the filamentary 
component. These knots have been selected by eye and are 
required to have a mean flux per pixel within the speci- 
fied aperture of at least twice the root-mean-square (RMS) 
background level. 
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A2597 ACS/SBC F150LP 
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Figure Al. FUV continuum knots for A2597 (Top) and A2204 (Bottom) as measured in the ACS/SBC F150LP filter. The red squares 
show apertures used to extract the knot fluxes. Knots are labelled according to the numbers written next to these apertures and the 
extracted fluxes are given in Tables [Al] and |A2] 
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NGC 604 ACS/SBC F150LP 



Table Bl. Stellar Temperatures for main-sequence stars in 
NGC 604. Column 1 and 2 give the name and type of the star 
( |Bruhweiler et al.||2003) . Column 3 lists the FUV^/U*, ratio as 
measured for each star. Column 4 lists the total visual extinction 
in magnitudes towards each star. Columns 5 and 6 list the stellar 
temperatures derived from BB and K93 stellar models. Column 7 
lists the spectroscopic temperatures derived by Bruhweiler et al. 
( [2003] ). 



APPENDIX B: NGC 604 A TEST CASE 

In Section [5] we have shown that the FUV/U broad band 
ratio is a good discriminator of stellar temperature. In order 
to verify that the temperatures derived from the broad 
band ratio are consistent with spectroscopically derived 
temperatures we have tested our method on a few main 
sequence stars in the nearby giant HII region NGC 604 in 
M33. We retrieved archival HST/ACS SBC-F150LP and 
HRC-F330W observations of this object. We note that 
the F330W filter shape is similar to that of our FORS 
U_Bessel filter and that it does not contain any line emission. 

We selected four, isolated, main-sequence stars for which 
FUV spectroscopic temperatures have been determined by 



Bruhweiler et al.| fl2003| ), see Fig. [51] The FXJVv/XJ u ratio 
derived for these stars, takes into account corrections for 
the background, the difference in point spread function 
between the two filters. The stellar temperature is then 
derived by comparing the measured FUV^/Ui, ratio to 
the ratio determined for BB and K93 stellar models. The 
extinction towards each star is taken into account when 
computing the models. The results for NGC 604 are shown 
in Fig. [B2] and Table [Bl] 



We find that the K93 temperatures derived by our 
broad band method are consistent with the spectroscopic 
temperatures determined by Bruhweil er et ah] ([2003 ) . 
This is expected as these authors also use the K93 stellar 
models to derive their temperatures. This thus shows the 
equivalence of the two methods and that there are no 
spectral features unaccounted for when using the broad 
band approach. However, this investigation by no means 
verifies the K93 models as an adequate model for real stars. 

Interpreting the measured FUV^/U^ ratio in terms of 
BB models leads to much higher temperatures for the 
stars investigated. The difference of the slope in FUV to 
U-band regime means that above 10 4 K the BB inferred 
temperatures are systematically below the K93 inferred 
temperatures whereas below 10 4 K they are systematically 
above the K93 inferred temperatures. 
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Figure Bl. HST ACS/SBC imaging of NGC 604. (Top) F150LP. 
(Bottom) F330W. Selected main-sequence stars are marked by 
the red circles. 



NGC 604 (BB,K93) 
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Figure B2. NGC 604 FUV^/U^ ratio models. Black Body mod- 
els (solid line) and the K93 stellar models (dash-dot line) are 
shown. Black lines refer to a dust-free environment. Red lines 
refer to models reddened by MW foreground dust only. 
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Figure CI. M87 south-east. Re-binned and smoothed F150LP 
image. The dashed rectangle shows the location of the filament 
and the dotted rectangle shows the region used by us to calculate 
the stellar temperature. The units on the x and y axes are re- 
binned pixels with each pixel having a projected size on the sky 
of 0.1 arcsec. 

APPENDIX C: M87 FILAMENTS. 



Figure C2. M87 south-east. Re-binned and smoothed F165LP 
image. The rectangles and axes drawn are the same as in Fig. |C1| 



Line emission from [CIV] 1549 A is claimed by Sparks et al. 
( 2009 ) to represent the bulk of the FUV emission observed 



from the south-eastern filaments in M87. They present HST 
FUV imaging using the F150LP and F165LP filters. Based 
on the apparent absence of these filaments in the F165LP 
image they suggest that the bulk of the filamentary FUV 
emission is due to the CIV line at 1549 A. 

We have re-processed their images (project code 11681) 
and come to a different conclusion. Both the throughput 
and the exposure time of the F165LP image is lower than 
for the F150LP image. This means that the sensitivity of 
the F165LP image is significantly lower than the F150LP 
image. After re-binning the pixels by a factor four on 
each side and smoothing the data with a 30 pixel FWHM 
Gaussian kernel we do detect the south-eastern filament 
in both images. The filament is indicated by the dashed 
square region in Figs. [CT| and |C2| 

We find F150LP l ,/F165LP zy =0.80±0.04 for the inte- 
grated flux in the dotted, 6 arcsec by 6 arcsec region shown 
in Fig. |C3| This region contains the brightest part of the 
south-east filament. We computed the FISOLP^/FIGSLP^ 
ratio for BB and K93 stellar models, see Fig. |C4| We find 
that the observed ratio is consistent with T^ 10000 K stars 
in the context of the K93 stellar models. We thus conclude 
that [CIV] emission is possible, but the observed FUV 
emission can also be explained by normal stars. 

This paper has been typeset from a T^X/ I^T[^X file prepared 
by the author. 
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Figure C3. M87 south-east. FISOLP^/FIGSLP^ ratio image. 
The rectangles and axes drawn are the same as in Fig. |C1| 



K93 




1x10 4 2x10 4 3x10 4 4x10 4 5x10 4 
T[K] 



Figure C4. M87 south-east. BB models (black line) and K93 
stellar models (red line) showing the FlSOLP^/FlGSLPz, ratio 
versus temperature. 



